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ABSTRACT

Nanoscale metal thin film dewetting via laser treatment is studied in this dissertation.
The purpose is to understand: 1) the spatial and temporal nature of intrinsic instabilities;
and 2) mass transportation involved in dewetting pattern evolution in metal thin films as
well as in lithographically patterned nanostructures; and finally 3) to explore advanced
control of metallic nanostructure fabrication via the confluence of top down
nanolithography and pulsed laser induced dewetting.

This study includes three

sections. In first section, thin film Cu-Ni alloys ranging from 2-8nm were synthesized
and laser irradiated. The evolution of the spinodal dewetting process is investigated as
a function of the thin film composition which ultimately dictates the size distribution and
spacing of the nanoparticles, and the optical measurements of the copper rich alloy
nanoparticles revealed characteristic plasmonic peaks. In section two, the dewetting
behavior of nanolithographically patterned copper rings on Silicon substrate was
studied. The self assembly of the rings into ordered nanoparticle/nanodrop arrays was
accomplished via nanosecond pulsed laser heating. The resultant length scale of the
13nm and 7nm thick copper rings was correlated to the competition between transport
and instabilities time scales during the liquid lifetime of the melted copper rings. To
explore the influence of different substrates with different surface energy, the pulsed
laser heated assembly of lithographically patterned copper rings on SiO 2 substrate was
studied in the last section. The correlated transport and instabilities show modified
timescales. It is demonstrated again that the original geometry dictates the instability
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pathway, which for narrow rings obeys the Rayleigh-Plateau instability and for wider
rings are influenced by the thin film instability.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
Introduction

Metallic nanostructures have shown potential in many important applications including
catalysis, bio- and optical sensing, magnetic information processing, and photovoltaics.
Thin film dewetting has recently attracted attention as an effective and low-cost
approach to induce self assembly/self organization pattern formation of various metallic
nanostructures. While scientists have explored experimentally and theoretically the
dewetting behavior of polymer films intensively in the past decades (for example refs [17]), many of the underlying physical mechanisms and their interplay for metal thin films
still remain unknown due to the dramatic difference in the physical properties relative to
typical polymer films such as higher surface energies, lower viscosities, and differences
in the long range interaction forces. In addition, the traditional annealing techniques
used in polymer dewetting are not ideal for metal films because of the high melting
temperature of metals. Instead, ion irradiation [8], electron-beam induced [9], and nanosecond laser heating have been applied as alternative means since the 1990’s[10-17].
The ultrafast thermal process generated in metal films by nasecond laser heating have
the advantages of minimizing metal-substrate inter-diffusion and chemical interactions,
minimizing film evaporation and ablation, as well as ―freezing‖ the dewetting process on
the nanosecond timescale, thus the pattern evolution can be captured without
considerable mass loss and interface property changes. Moreover, the dewetting of
1

lithographically patterned metallic nanostructure via nanosecond laser heating can be
used to realize a confluence of top-down nanolithograhic patterning and bottom-up
directed assembly of thin metal films to create novel multi-component and multifunctional metallic nanoparticles. The related dewetting mechanism and mass
transportation for these lithographically patterned metal structures may differ compared
to a continuous thin film because the patterned shapes (boundaries) can act as
programmable instabilities. The goal of this dissertation is to understand: 1) the spatial
and temporal nature of intrinsic instabilities; and 2) mass transportation involved in
dewetting pattern evolution in metal thin films as well as in lithographically patterned
nanostructures; and finally 3) to explore advanced control of metallic nanostructure
fabrication via the confluence of top down nanolithography and pulsed laser induced
dewetting. To achieve these goals, we perform a systematic research on nanoscale
metal thin film dewetting via nanosecond laser melting.

Literature review

Dewetting is a readily observed physical phenomenon present in everyday life, and
gives rise to many scientific and technological phenomena, as well as challenges. The
occurrence and application of dewetting is present in a wide range of industrial and
scientific areas [1, 3, 18-25], where one topical application emerging in recent years is
synthesis of nanometer scale structures. For a two dimensional infinite thin film, a
general force field made up of attractive and repulsive components with different decay
rates is of key importance in determining the free energy of a certain system and thus
2

the behavior of thin film dewetting. The related dewetting mechanism is reviewed in
section 1.1. For a lithographically patterned thin film with limited size, the extra forces
operative at film boundaries, and correlated thin film properties, are paramount for
determining the final equilibrium status, which are briefly summarized in section 1.2 and
1.3. In section 1.4, we demonstrate the thermal model of heating of metal thin film under
laser irradiation, and in section 1.5 and 1.6, a brief description of the thin film sputtering
system used to deposit many of the metal films in this study is made and
characterization methods used in this dissertation is given, respectively.
1.1 Spinodal instability in unstable thin liquid films
Thin film dewetting is characterized by the breaking-up of a continuous liquid film into
holes, followed by holes growth and coalescence to form intermediate patterns, and
finally decaying into a set of droplets on the substrate. As an example, figure 1.1 (a) to
(c) shows a typical dewetting process of a 7 nm Cu thin film on Si substrate via
nanosecond laser melting.

Figure 1.1 Dewetting process of 7nm Cu thin film on Si substrate with nanosecond laser
heating (laser energy density: 0.42J/cm2, ~60ns melting time per pulse)
3

The fundamental driving force is the decrease of system energy by the spontaneous
transformation of a continuous film into discrete droplets on the substrate. Basically
there are three dominant dewetting mechanisms: 1) homogeneous nucleation (thermal
nucleation of holes), 2) heterogeneous nucleation initiated by nuclei in the form of dust
particles, surface defects, or other heterogeneous features on substrate, and 3)
spinodal instabilities initiated by the spontaneous amplification of thermal fluctuations or
surface waves. The spinodal instability results in various characteristic intermediate
nanostructures and consequently nanoparticles with well-defined length scales related
to the original film thickness, the properties of the film, substrate, and gas ambient; thus
it is especially suitable for spatially ordered nanopatterning of metal films. For a certain
film, the exact pathway of dewetting is determined by the free energy of the existing
system as it determines the initial film instability.

1.1.1 Free energy of a film-substrate system
For a thin film of thickness h on a substrate, the total free energy can be described as
the sum of surface/ interface energies, external energies, and volume energies. The
surface free energy stands for the energy of a liquid (solid)-vapor interface and is
expressed by surface tension γl-v (γs-v). The interfacial free energy is given by interfacial
tension between film and substrate as γf-s. Without other external forces, a generally
existed external free energy is the gravitational energy which is ½ ρgh 2. For the volume
energy, we consider a homogeneous liquid film and will focus on the contribution of the
intermolecular forces. For an apolar film on an apolar substrate, the intermolecular
forces include a long range dispersion force (Van der waals force) which can be related
4

to an excess free energy per unit area represented by ΔG = A/12πr2 [26] for two planer
surfaces, and short range repulsion forces typically operating over a film thickness
equal to or less than ~10nm. When any polar force can be considered negligible, the
intermolecular potential per unit area (N/m2) can be expressed corresponding to a socalled 6-12 Lennard-Jones potential as [27-28]:
Ф

(1.1)

Where n > m >1 and k is proportional to the hamaker coefficient. h* denotes a stable
film thickness where Ф

. The first term represents short-range repulsion, while

the second term is related to attractive van der Waals force when A is negative. Within
this model,  = /(Nh*), where  is the spreading parameter, and N = (n-m)/((m-1)(n1)).

The spreading parameter can be related to the apparent contact angle  via

Laplace-Young condition  = (1 - cos).

The integration of Ф(h) is the excess free

energy ΔG. Studies have shown [5, 25] that the curve of ΔG dictates the possibility of
dewetting in thin films and spinodal dewetting can take place only if the second
derivative of ΔG is negative (ΔG‖ < 0). Figure 1.2 (a) presents the sketch of the the
excess free energy ΔG as a function of film thickness by Seemann et al. The three
curves in the plot are denoted as stable (curve 1), metastable (curve 3), and unstable
(curve 2) films, respectively. Curve 1 represents a potential leading to a stable thin film
as ΔG >0 and the energy minimum is at infinite film thickness. In curve 3, the film is
unstable only for small film thicknesses, where ΔG‖ < 0 ( as discussed in the following
text, for larger film thicknesses only nucleation occurs). Curve 2 characterizes an
unstable potential and shows a global minimum of ΔG at h= h*. In this case, when the
5

initial film thickness is larger than h*, spinodal dewetting may take place. It is necessary
to note that despite large amount of research, the exact form of the interfacial potential
is unknown, and further work is required to deduce the functional form of this potential.
Although both thicker and thinner films can undergo a spinodal instability resulting from
the unstable interface potential [29], for the thicker films, the gravitational energy
dominates and nucleation occurs faster. It is generally accepted that the van der Waals
force become significant and may dominate over distances of the order of tens of nm,
where the thin films with a interface potential following curve 2 may dewet via spinodal
process. Hence, for the dewetting of thin metal films of thickness under ~50nm in this
proposed study, the gravitational energy can be ignored.
1.1.2 Hamaker coefficient
As a key parameter in determining Van der waals force, some basic knowledge of
Hamaker coefficient is reviewed in this section. For two atoms separated by distance r,
the interatomic van der Waals pair potential can be expressed by
w= - C/r6

(1.2)

Where C is the coefficient and r is the distance between atoms. One can obtain the

6

ΔG, J/m^2
Figure 1.2 a) Sketch of the excess free energy ΔG versus film thickness h illustrating
(1) stable, (2) unstable, and (3) metastable thin films. b) Plot illustrating the capillary
wave perturbation (amplitude 1nm) time evolution (in nanoseconds) showing
perturbation or instability wavelengths that are stable (growing with
unstable (being quenched for

λ=1.5mm) and

λ=2.5mm). c) Dispersion plot illustrating the instability

growth velocity (β) versus wave vector (see text for details).
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―two-body‖ potential by summing or integrating the energies of all the atoms in one body
with all the atoms in another. It includes an assumption of simple pairwise additivity. The
hamaker coefficient is defined by A =

2

Cρ1ρ2, after Hamaker, who together with

Bradley (1932), Derjaguin (1934), and de Boer (1936), did many of the pioneer works of
the forces between macroscopic bodies. Here ρ1 and ρ2 are the number of atoms per
unit volume in the two bodies. Typical values for the Hamaker constants of condensed
phases, including both solid and liquid, are found to be in the order of 10-19 J for
interactions across vacuum. However, the change of polarizability when an atom is
surrounded by other atoms, and the multiple reflections and extra forces when many
atoms exist all makes the interaction between bodies very complicated. The above
assumption of simple pairwise additivity and the definition of A ignore the influence of
neighboring atoms on the interaction between any pair of atoms.

The problem of

additivity can be avoided in the Lifshitz theory where no atomic structure needs to be
included in the calculation and the large bodies are considered as continuous media.
The forces between large bodies are derived based on bulk properties such as their
dielectric constants and refractive indices. Before Langbein, Ninham, Parsegian, Van
kampen, and others derived the main equations from much simpler theoretical
techniques (see [26] for review), the original Lifshitz theory (developed by Lifshitz (1956)
and Dzyaloshinskii et al. (1961)), requires a solid background knowledge of quantum
field theory to understand it. Basically the van der Waals interactions is originated from
electrostatic force arising from the dipole field of two atoms, with one of the field
polarized by the other one. It is well known that a charge Q placed in a medium (with
dielectric constant ε3) at a distance D from the flat surface of a second medium (with
8

dielectric constant ε2) will experience a electrostatic force from the surface as if it was
coming from an charge of strength Q = -Q(ε2 - ε3)/ (ε2 + ε3) at another side of the surface
with same distance D [26]. Based on these concepts, the relation between the excess
volume polarizability (α2) of a dielectric medium 2 in medium 3 and the optical properties
of the media was obtained,
ρ2α2=2ε2ε3(ε2 - ε3)/ (ε2 + ε3)

(1.3)

Where ρ2 is the atom number density of medium 2, and ε 2 and ε3 are the dielectric
constants of the two media. The Hamaker constant for the interaction of medium 1 and
2 across a third medium 3 is then expressed as [Jacob]:

(1.4)

Where ε1, ε2 and ε3 are the static dielectric constants of the three media, ε(iν) are the
values of ε at imaginary frequencies, and νn = (2πkT/h)n = 4x1013 n s-1 at 300K. The
first term gives the zero-frequency energy of the van der Waals interaction with
Keesom and Debye contributions included, and the second term is the dispersion
energy includeing the London energy contribution. Note that equation (1.4) is only from
the first term of an infinite series for the non-retarded Hamaker constant, while the
other terms are small and normally contribute to the exact value of Hamaker constant
less than 5%. For a dielectric medium, ε(iν) can be expressed as,
ε ν

ν ν )
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(1.5)

Where n is the refractive index of the medium in the visible, and νe is the main
electronic absorption frequency in the UV which is ~3x10 15 s-1 typically. For interactions
involving metal thin films, the dielectric permittivity can be estimated by
ε(ν) = 1

ν

(1.6)

ν

Where νe is the plasma frequency of the free electrons with a typical value in the range
of ~ (3-5)x1015 s-1. By substituting the above equations into Equation (1.4) we may be
able to estimate theoretically the Hamaker constant for a certain dielectric-metal-gas
thin film system involved in this study.
As for the experimental system of liquid metal thin film dewetting, however, since
strictly speaking the Hamaker constant is never truly constant but can be changed with
specific experimental conditions such as film thickness due to retardation effects, laser
irradiation and thin film properties which may affect the polarization status, the
calculation based on theoretical value of dielectric constants as reviewed above may
not be enough. Another alternative way to estimate Hamaker constant is based on
experimental result and modeling the metal thin film as a Newtonian liquid film. By
applying a long wave (lubrication) approximation, one can obtain the following single
nonlinear 4th order partial differential equation governing the liquid thin film evolution:

(1.7)
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where h(x,y,t) is the metal liquid thickness,
tension, and

is the viscosity of liquid,

is surface

(h) represents the disjoining pressure which accounts for the interaction

between film and substrate. As discussed in section 1.1.1,

(1.8)

The k and

is related to the Hamaker constant A as A = 6 k

. By applying linear

stability analysis (LSA) to this equation, the wavelength of the most unstable
perturbation mode for different film thickness can be found and compared with
experimental results, which will enable us to extract the approximate Hamaker
constant. The details and application of this approach is discussed in chapter three and
four.
1.1.3 Characteristic wavelength selection of spinodal dewetting
Once the liquid thin film of thickness h is located in the unstable regime of spinodal
dewetting, attractive Van der Waals force always tend to drive the films into thin and
thick parts by amplifying thermal fluctuations (always exists on any liquid film surface)
on the film surface to decrease the volume free energy, while the surface tension
favors a flat film and will act against the fluctuation. For a solid rigid substrate, the filmsubstrate interface profile does not change and thus the change of interface energy is
zero. The change in total free energy can be simply expressed as:
∆G = extra area * γ + extra interaction energy
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(1.9)

The competition between the stabilizing surface tension and destabilizing van der
waals force will lead to a critical perturbation (fluctuation) wavelength above which the
total decrease in van der Waals energy exceeds the increase in surface energy. Only
the perturbations with wavelength λ greater than the critical wavelength will grow
exponentially (bottom plot in figure 1.1 (b)), and the other ones decay (upper plot in
figure 1.1 (b)). Further, as illustrated in figure 1.1 (c) with β indicating the growing
velocity of perturbation waves growing as exp(β*t), all the perturbation waves show
different growing velocities related to viscous flow caused by the pressure gradient
resulting from interface curvature and the long-range intermolecular interactions. As a
result, the fastest growing wavelength will act as the dominant fluctuation in the film
and determine the characteristic length scale in the following pattern evolution.
Historically, TFH (thin film hydrodynamic) equations derived from the lubrication
approximation of the Navier-Stokes equation was used to quantitatively calculate the
fast growing wavelength [30-32]. Without including short-range forces and using
excess free energy per unit area from attractive dispersion forces for two planer
surface as ΔG = A/12πh2 [26], this leads to the dynamical equation describing the film
height as a function of time as:
3η (∂h/∂t) = - ∙ [ γf-v h3 ∙ 2h + (A/2πh) h]

(1.10)

where η is the viscosity and γf-v is the interfacial energy of the film-vacuum interface.
With linear stability analysis (LSA) the fastest growing wavelength Λ (h) is obtained[12]:

Λ

π

,
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(1.11)

and the time scale related to this fastest growing wave is

D

= (96 π γf-v ηh5) / A2. The

results predict a correlation between the characteristic wavelength and the original film
thickness as Λ

2

and meanwhile the timescale is proportional to h 5 which have

been also experimentally observed by Bischof et al. and Kalyanaraman et al. [10, 32].
1.2 Mass transport in a liquid film

As the stability of a continous thin liquid film on a solid substrate with thickness below
tens of nm are governed by the van der Waals forces (if no other electrostatic forces
included), the wetting/dewetting behavior of a nano scale patterned thin film structures
with equivelent thickness range can be more complicated because of the patterned
shapes (boundaries) inducing programmable instabilities. Generally, the patterned
boundary of the nanostructure is far from its equilibrium thermodynamics state
(including mechanical equilibrium (force balance), chemical equilibrium, and thermal
equilibrium, and unbalanced forces exists at the line when the contact angle θ

θeq.

Hence when the film is melted via laser irradiation, in addition to competing PlateauRayleigh and spinodal dewetting instabilities that could be operative at certain time and
length scales, an unbalanced capillary force at the three phase boundary line will act as
a driving force initiating liquid flow as the system tends toward the equilibrium contact
angle θeq. The general expression of the driving force (capillary force) per unit length of
contact line is:
fd = γ + γsl – γsv = γ (1-cos θeq)
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(1.12)

where γ, γsl, and γsv are the liquid-vapor, solid-liquid, and solid-vapor surface tension
respectively. θeq is the equilibrium contact angle.
For a boundary surface with a certain curvature, according to the Young–Laplace
equation, the capillary pressure acting on it is inversely proportional to the radius of the
curvature as:

(1.13)

Where Δp is the pressure difference across the fluid interface, and R1 and R2 are the
principal radii of curvature. Hence the flow velocity caused by capillary force is also
modified by the radius of the boundary. Based on the conclusions of Habenicht et al
[33], ignoring viscous losses and dynamic spreading parameter, the liquid retraction
velocity at the boundary for a thin metal film can be estimated by the Taylor-Culik
velocity (Vi) for inertial flow:
1

 S 2
Vi   2 
 r 



(1.14)



Where S   sg   sl   lg is the spreading parameter of the liquid film, ρ is liquid
density, and r is the radius of the related boundary curvature (usually equal to the film
thickness).

While the gravitational force is negligible for lithographically patterned metal
nanostructures with thickness below ~100nm and in most cases with pattern size
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smaller than its capillary length (for example, the capillary length for liquid Cu and Ni are
4073μm and 4827μm respectively) [34], the two main forces opposing capillary force in
directing the liquid flow are the viscous force and inertial force which are reviewed in the
following paragraphs.

Viscous force describes the internal resistance of a fluid being deformed by either a
shear stress or tensile stress. A fluid's viscosity is induced by the shear stress between
the liquid layers moving at different velocities in a liquid flow, and opposes any applied
force as an ultimate effect. For a straight, parallel and uniform liquid flow, the shear
stress between layers is proportional to the velocity gradient in the direction
perpendicular to the layers and can be expressed as:

=
Where v is velocity,

(1.15)

is the liquid viscosity, and A is the area of liquid planes, assuming

that A is very large, such that edge effects may be ignored. In a steady state condition,
where the velocity field in the liquid flow is time independent, and the net force on a unit
volume is zero, the velocity gradient is uniform across all the liquid, then the force
exerted by the fluid below each layer is simply,

(1.16)
Where

is the difference of velocities of any two layers, and

is corresponding

distance of the two layers. When the velocity field is time dependent, where the force
exerted by top liquid is different with that of bottom plate due to a different velocity
gradient, we express the net force per unit volume by,
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(1.17)

With a constant density through the liquid, this equation can be written in three
dimensions as:

=

(1.18)

For an incompressible viscous fluid, it becomes,

(1.19)

Expression 1.19 is known as the Navier-Stokes equation for an incompressible fluid with
the viscosity included.

Pioneering works have been done to estimate viscous force in different flow regimes
(the three regimes are described below) involved in a spontaneous dewetting process
[35-41]. In the case of the retraction of a thin film boundary where the liquid-gas-solid
contact line exists, for a pure viscous regime, the viscous force (ignoring the molecular
dissipation process near the contact line) at the contact line area can be expressed [35,
37, 42] as:

(1.20)

Where v is the dewetting velocity,

is the viscosity, and θ is the dynamic contact angle,

The macroscopic cutoff xmax in the logarithmic singularity is typically the width of the rim
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formed during the film retraction, and the microscopic cutoff xmin is comparable to a
molecular size for a contact line advancing or receding on a bare solid surface [43]. For
a viscoinertial regime, the viscous force has been estimated by Andrieu et al. to be
proportional to ηvl/d, where l is the width of the rim, and d is equal to

[35]. Obviously

in the case of a pure inertial regime for a low viscous liquid where the viscous force is
very small compared to the other two governing forces (capillary force and inertial
force), the viscous effects are negligible.
The second opposing force, inertial force, also called a pseudo force, or fictitious force,
is defined as an apparent force that acts on all masses in a non-inertial frame of
reference. The inertial force, Fi , does not arise from any physical interaction but rather
from the acceleration a of the non-inertial reference frame itself. Due to Newton's
second law in the form F = d(mv)/dt, for a moving rim at the boundary of a dewetting
liquid thin film, the inertial force is always proportional to the mass being accelerated.
Depending on the combination of the three forces, dewetting flow can be classified as
inertial, viscoinertial, and viscous [44] flow, where the governing force opposing the
advancing rim is inertial force, both viscous and inertial force, and viscous force,
respectively. When considering a typical case in the dewetting of patterned thin film
structure, a moving rim at thin film boundary, the motion of the rim can be generally
expressed by these three forces as,

(1.21)
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Where Fc is the capillary forces acting on the rim boundary, Fv is the viscous force, and
(dP/dt) is the rate of change of momentum. Generally speaking, inertial effects are
dominant for low viscosity fluids (such as liquid metals) and large thicknesses while
viscous effects control the dewetting velocity for thin films of viscous fluids [37]. Three
dimensionless parameters are widely used to estimate the governing forces related to
the three different flow regimes: the Reynolds number (Re=ρxV/η), the Ohnesorge
number (Oh=η/(ρxγ)1/2), and the Weber number (We=ρxV2/γ), where V is velocity, η is
the liquid viscosity, γ is the liquid-vapor surface tension, and x is the characteristic
length which for instance is the sphere radius for a liquid drop. The Reynolds number
(Re) gives a measure of the ratio of inertial forces to viscous forces and consequently
quantifies the relative importance of these two types of forces for given flow conditions.
The Ohnesorge number (Oh) relates the viscous forces to inertial and surface tension
forces which means larger Ohnesorge numbers representing a greater influence of the
viscosity. The Weber number (We) can be thought of as a measure of the relative
importance of the fluid's inertia compared to its surface tension. For the systems of
interest in this study, which are lithographically patterned metal thin films on Si or SiO 2
solid substrate, while the parameters of η, ρ, and γ can be considered to be relatively
stable near the melting temperature of metal film, the characteristic length x used to
calculate the three parameters (Re, Oh, We) has to relate to the boundary curvature
instead of the radius of a simple liquid drop, and hence the boundary curvature will play
an important role in control the dewetting velocity driven by the three forces and as a
result the final dewetted nanostructures.
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1.3

Rayleigh-Plateau instability

Another instability competing with boundary-induced mass transport and spinodal
instability is the well-known Rayleigh-Plateau instability; a concept usually used to
explain the process a falling stream of fluid exhibits when breaking up into smaller
droplets with surface tension as the driving force to decreasing the surface area and
minimize the system free energy. Rayleigh showed theoretically that a vertically falling
column of non-viscous liquid with a circular cross-section should break up into a stream
of steady drops if its length L is larger than its circumference (L > 2πR) [45].

Figure 1.3 schematically shows a few tiny perturbations in a breaking liquid column. The
thermal perturbations which are always present at any smooth liquid stream can be
resolved into sinusoidal components with different wavelengths and amplitudes. Some
components grow with time while others decay with time. A fastest growing wave exists
among those that grow with time and the growth rate related to its wavelength and the
radius of the original cylindrical stream. As time progresses, the fastest growing
wavelength will dominate and will eventually determine the size of the final droplets. The
driving force for the wave growing can be conceptually understood from the YoungLaplace pressure competing in both the radial and axial dimensions. Figure 1.3
illustrates the two competing curvatures where along the axial dimension, the waves
produce a positive and negative curvature in the wave peak and trough, respectively.
These axial curvatures tend to dampen the perturbation growth, however the difference
in the radius along the axis produces a pressure gradient promoting the growth of the
perturbations. For instance, the pinched sections have higher pressure (1/R is greater)
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and the bulging sections have lower pressure, thereby producing a fluid flux due to the
pressure gradient. The droplets form when the pinched areas rupture and the bulged
areas transform into spherical droplets. In literature, the critical wavelength for a liquid
stream of initial radius R0 has been calculated as [45]: Λ > 2πR0. The fastest growing
wavelength is λmax
~2.91

9.02R0, and the related characteristic break up time is tbreakup =

, where γ is liquid surface tension and ρ is liquid density.

Figure1.3. Falling liquid column with periodic perturbations (from Wikipedia)
As for a metal thin film rivulet formed on a horizontal Si or SiO2 substrate, which is often
observed during the dewetting process of either a patterned nanostructures or after a
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continuous thin film evolving into polygonal structures, when the ratio of the length scale
L of the rivulets to the radius R exceeds a certain value, the rivulet may be subject to a
Rayleigh-Plateau type instabilities. While this critical value for a free-space jet where the
Rayleigh-Plateau applied is 2π as discussed above, it is modified by the balance
between the forces due to capillarity, viscosity, and the liquid-solid interaction when the
fluid is in contact with a solid substrate. Although much less than that of thin film
instabilities, the similar geometry of a rivulet on solid substrate, a Rayleigh type freespacing jet has inspired many studies with different approaches include liquid-solid
interaction, capillary and viscous forces [46-56], and reasonably good agreement was
found between these approaches. In the recent work of Diez et al.[55], by modeling the
film-substrate interaction using a disjoining pressure with both conjoining and dis-joining
terms, and ignoring gravitational effects for microscopic rivulets, the liner stability
analysis (LSA) was performed to compare with results from Rayleigh-Plateau theory. It
was found that for rivulets of nanometric thickness, the critical perturbation wavelength
λc can be written as,

(1.22)

Where M=(n-m)/[(m-1)(n-1)], with m and n are chose to be 2 and 3 respectively. The
dependence of λc on

is in agreement with the experiments reported by Park et al.

[54], who studied the rupture of polymer rivulets with width of 800-2500nm on a silicon
wafer, and is also observed in recent experiments of laser irradiated metal rivulets
reported by Kondic et al. [56].
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Therefore, it is expected that the Rayleigh-Plateau type instability can be applied to
estimate the rivulets break up related to our experiment with a modification by the
presence of the substrate.
1.4 Nano second laser heating and thermal model
Lasers have been widely applied in the scientific, military, medical and commercial area
since the invention of the laser in 1958. One of the initial pulsed laser metal film
dewetting papers was reported by Bischof et al. in 1996 [10]. They studied the
dewetting of gold liquid metal films on fused silica substrates with a Q-swiched laser
pulse and observed two coexisting mechanisms (nucleation of holes and spinodal
dewetting), related to different laser energies.
The interaction of laser light with solid materials has been intensively studied in the
pioneering works ([57] and references therein). Electromagnetic radiation with
wavelength in the UV regime is mainly coupled to metals through electron-photon
interactions, as atoms are too heavy to respond significantly to the high frequencies
involved. For a metal film, the laser heating process includes two steps [57]: photon
absorption by free electrons, and energy transfer via electron-phonon interaction which
raises the film temperature. The light absorption by semiconductors is more complex
compared to the absorption process in metals [58-60]. It can include lattice vibrations
directly excited by photons with energy (hν) less than the band-gap energy (Eg),
metallic-like absorption due to free carriers generated by laser radiation, excitation of
free carriers by absorption of light with hν < Eg, and most importantly, in the case of a
248nm excimer laser concerned in this study, most absorption takes place via direct
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and/or indirect (phonon-assisted) excitation of electron-hole pairs, which is the largest
contribution to α (for nanosecond pulses) when hν > Eg ( Energy hν for a 248nm
excimer laser is ~5eV and Eg is ~1.1eV for Si), and the transfer of energy to the lattice
via carrier-phonon interaction raises the Si temperature. As for the dielectric substrate
mostly used in this study, SiO2, since the band gap (Eg ~ 9eV) is much bigger than
laser energy with 248nm wavelength (hν = 5eV), the literature absorption value of SiO2
is negligibly small.
The thermal process of laser heating of metal films includes optical and thermal
attributes, and some main results of laser melting of metal films are summarized in [57,
61-62]. The basis for building a model for pulsed laser melting of metal thin films is the
general heat equation,

(1.23)
Where ρ is the film density, Cp(T) is heat capacity, K(T) is thermal conductivity, and
E(x,y,z,t) is an external power density.
In the case of a 248 nm wavelength KrF (krypton Fluoride) laser with a 5 Hz repetition
rate and ~25 ns (full-width-at-half-maximum) Gaussian temporal profile used in this
study, the term E(x,y,z,t) takes the form
(1.24)
Where R is thin film reflectance, I0 is incident laser power with a Gaussian temporal
profile,

is absorption coefficient, and z is the distance measured from sample surface.
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In this model, we assume a homogeneous and planar metal thin film on a uniform
substrate, for the laser energy density in the range of ~0.14J/cm2 to 0.42J/cm2 (enough
to reach melting temperature of Cu and Ni metal thin films studied here), the irradiation
area (larger than 5mm*5mm) is much larger than the thermal diffusion length of any
related layers (Lh=

, where tp=25ns is the pulse width). The calculated Lh is smaller

than 1000nm for all the involved layers, and hence the lateral heat flow into nonirradiated area is less than 0.02% during each laser pulse. To simplify the model and
reduce the amount of computer calculation needed to generate a simulation, equation
(1.23) and (1.24) can be reduced to one dimension. However it worth noting that in the
case of a lithographically patterned thin film of size in nanometer scale, the lateral heat
flow and temperature gradient may not be neglected, where one dimensional
simulations can only be used for reference and two dimensional simulations are
necessary.
Ignoring the heat loss via radiation to air and the thermal contact resistance at the filmsubstrate interface, and using one dimensional form (z direction), then film temperature
T(z,t) as a function of position z and time t, can be expressed as:

(1.25)

And incident laser power I0 is:

(1.26)
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A is the max pulse amplitude of the laser. Note that the latent heat of fusion Qm also
needs to be included at the melting point.
Based on this model, time-temperature profiles of the film-substrate structure can be
simulated using Flexpde software to estimate the laser energy needed to reach melting
temperature of metal. Typically the simulated temperature difference for a metal film
with thickness h < α-1 is less than 1K, thus it is reasonable to assume the film have
uniform temperature as well as temperature-related thermal parameters (such as heat
capacity, thermal conductivity, viscousity, etc) distribution in these ultrathin films.
However, in the regime of thicker films where it is appropriate to allow for non-uniform
temperature field, we will consider the influence of temperature on the metal properties,
especially the temperature dependence of the viscosity and surface tension which may
result in considerable Marangoni effects. Moreover, when film thickness comes to a
thickness range below tens of nanometers, some thermal and optical properties may
differ from bulk values, and vary with film thickness, which needs to be considered
carefully in generating a simulation. For example, for SiO2, reported thermal
conductivities for thin films is two orders of magnitude smaller than bulk values [E.
Matthias, 1993: ref:9,10], and as an important factor affecting the amount of laser
absorption, the reflectivity of metal thin film surface sensitively depends on film
thickness as well as the surface status (such as roughness, solid or liquid phase
properties). Figure 1.4 is the simulated time-temperature profile of a 5.5nm Cu on
400nm SiO2 (on 100 Si wafer) irradiated with 0.16J/cm 2 laser fluence to illustrate the
time-temperature profile with a liquid time of ~20ns of a metal thin film.

25

~20ns liquid time

1500

temperature (K)

1300

1100

900

700

500

300
0

50

100

time (ns)

150

200

250

Figure 1.4 Time-temperature simulation of a 5.5nm Cu film on SiO2 substrate irradiated
by a 248nm KrF laser with 25ns FWHM Gaussian Temporal profile.

1.5 RF Magnetron Sputter System
An AJA International ATC 2000 R.F. magnetron sputter system equipped with D.C.
substrate bias as showed in Figure 1.5 is used for the thin film deposition in this
dissertation. The system includes four 2‖ sputtering sources located symmetrically
inside the sputtering chamber. A substrate holder which can accommodate 4‖ or 6‖
substrates is placed on top of the targets. Inert gas (usually Ar or Ar+H are used) can be
injected at the target surfaces. Thin films with a wide range of compositions, thickness
and composition gradients can be sputtered by controlling chamber pressure, substrate
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Figure 1.5. Configuration of an AJA International ATC 2000 R.F. magnetron sputter
system
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temperature and rotating rate, substrate bias, gas flow rate, gas ratio, and gun power.
Theoretically, the sputtered film thickness profile is dependent on the spatial profile of
the sputtering flux and the processing chamber’s geometry. These factors were
incorporated into a sputter simulation model developed for our sputtering system using
the standard surface source evaporation equation [63]:

(1.27)

where Ms is the mass deposited at the substrate (s), A is the area of the substrate, M T is
the total mass sputtered from the target, n is the degree of forward peaking of the
sputter flux,

and θ are the angles between a line extended from the center of the

target surface to a point on the substrate and the target surface normal and the
substrate surface normal, respectively, and r is the distance from the center of the target
surface to the substrate position (geometry is diagramed in figure 1.6). The film
thickness will be controlled by the sputtering rate as well as film thickness simulation
from the sputtering model.
Figure 1.7 illustrates the sputter of a Cu-Ni alloy film with gradient film thickness. Two
individual targets of Cu and Ni is sputtered simultaneously to synthesize an alloy film
with volume percentage of Cu varying from ~20% to ~80% as indicated in figure 1.6,
where a) is a digital image of the sputtering system during synthesis, b) shows a
simulated thickness profile of a ~ 20nm Cu-Ni co-sputtered film, and c) and d) illustrate
the measured and simulated Cu-and Ni compositions of the film, respectively.
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Figure 1.6. Illustration of sputtering geometry

b)

a)
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Figure 1.7. a) Digital picture of the sputtering system during a 3-component co-sputter
synthesis.

b) Simulation demonstrating the thickness variation across a 100mm

diameter substrate for a Cu-Ni 20nm center thickness. c) and d) are measured and
simulated compositions, respectively, of a co-sputter deposited Cu-Ni film which
demonstrates the range of compositions that can be accomplished on a typical 100mm
diameter substrate for a binary system.
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1.6 Characterization and analysis
A reflectometer (Filmetrics F20-UV thin-film analyzer) and atomic force microscopy
(AFM) were used to measure film thickness after sputtering. AFM measurement were
used to confirm the film roughness as extremely smooth metal films are preferred for
the dewetting study of ultrathin films. The compositions of alloy thin film were calculated
by the determined sputtering rates and periodically confirmed by wavelength dispersive
x-ray spectroscopy (WDX) measurements. Other characterization approaches include
scanning electron microscopy (SEM), Auger electron spectroscopy (AES), Magnetic
Force Microscopy (MFM), and an ocean optics HR2000+ spectrometer. Scanning
electron microscopy was used to capture the image of ―frozeb‖ patterns after each pulse
and the final nanoparticles after a series laser pulses. Auger electron spectroscopy can
be used to generate a qualitative and semiquantitative composition maps of patterns
with multiple metal components. And magnetic force microscopy can be applied to
study magnetic properties of both initial thin films and dewetted nanoparticles.
Transmission and reflectance spectra measurements can be made in air from
approximately 300 to 1000 nm at room temperature using the spectrometer to study
optical properties. A commercial software ImageJ was also used to analyze
nanoparticle size, distribution, and obtain FFT (fast Fourier transforms) spectrum of
SEM images before and after dewetting.
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CHAPTER II
DEWETTING OF CU-NI ALLOY THIN FILMS VIA PULSED LASER IRRADIATION
AND THE PLASMON RESPONSE

The optical properties of Cu-Ni nanoparticles produced via pulsed laser dewetting of
ultrathin films: The effect of nanoparticle size and composition on the plasmon response
has been published previously in journal of materials research by J.D. Fowlkes, P.D.
Rack, and I [64]. I acknowledge support from the Material Sciences and Engineering
Division Program of the DOE Office of Science (ERKCM38) for sponsoring the aspects
of this work related to understanding the fundamental mechanisms operative during
liquid phase, thin film dewetting, and support from the Sustainable Energy and
Education Research Center at the University of Tennessee who supported the optical
properties study portion of this research. I also acknowledge that the lithography and
electron imaging results reported in this article were conducted at the Center for
Nanophase Materials Sciences, Oak Ridge National Laboratory, and sponsored by the
Scientific User Facilities Division (SUFD), Office of Basic Energy Sciences (BES), U.S.
Department of Energy. The author gratefully acknowledges useful discussions with
Ramki Kalyanaraman and optical measurements taken by Jeremy Strader. Philip Rack
provided direction, funding of the research, discussion and motivation.
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Introduction

In this chapter, the evolution of the spinodal dewetting process of thin film Cu-Ni alloys
ranging from 2nm to 8nm on Si substrate were studied and their optical properties were
investigated as-deposited and after a laser treatment which dewet the films into arrays
of spatially correlated nanoparticles. The transition metals of pure Cu and Ni are
selected because of their unique optical and magnetic properties. The film thicknesses
below 10nm were chosen where thin film dewetting via spinodal instability is expected
to dominate and gravitational force can be ignored [65-66]. Meanwhile, the size scale of
resultant nanoparticles from the explored thin films in this study is in a relevant range for
many correlated applications. The evolution of the spinodal dewetting process is
investigated as a function of the thin film composition which ultimately dictates the size
distribution and spacing of the nanoparticles. Furthermore, as a potential application of
the dewetted nanoparticles, the optical response of the copper rich alloy nanoparticles
was measured and the results reveal a signature absorption peak suggestive of a
plasmonic peak which red-shifts with increasing nanoparticle size and blue shifts and
dampens with increasing nickel concentration.
Pulsed laser induced dewetting has recently been shown to be a viable way to induce
self-assembled pattern formation of metallic nanoparticles.

The three dominant

dewetting mechanisms include: 1) homogeneous nucleation, 2) heterogeneous
nucleation, and 3) spinodal instabilities initiated by surface waves.

The spinodal

instability results in a characteristic length scale related to the original film thickness, the
properties of the film, substrate, and gas ambient; thus it is suitable for forming spatially
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ordered metal nanoparticles. While historically some groups have investigated spinodal
dewetting in polymeric thin films (for example Ref. [29]), more recently, several
investigations have focused on thin metal films dewet via pulsed laser heating [10-11,
15, 17, 32, 65, 67-68].
Most recent works have focused on the behavior of elemental metal thin films on inert
(non-reactive) substrates [9-11, 15, 17, 32, 65, 67-68]. Bischoff et al. studied the
dewetting of gold liquid metal films with a Q-swiched laser pulse and observed two
coexisting mechanisms (nucleation of holes and spinodal dewetting) in 47nm Au films
on a fused silica substrate [10]. Henley et al. reported the dewetting behavior of a range
of metals on silicon dioxide coated Si substrates and analyzed the radius of
nanoparticles induced by the Rayleigh instability criterion[11]. Kalyanaraman et al. have
recently published a series of papers [15, 32, 65, 67-68] describing the spinodal
dewetting of various thin elemental films and have correlated the time and length scale
of the spinodal instability using thin film hydrodynamic theory and have also shown the
influence that temperature gradients (both lateral and in the film thickness) have on the
growth modes.

More recently they have also performed an energy analysis of the

system and have shown that the dispersion relation can be correlated to the
minimization of competing capillary flow, viscous dissipation and the interface potential
[15].

Furthermore, they showed using this energy theorem that various dewetting

morphologies could be understood [15, 65].
To complement the recent work on pulsed laser induced thin film dewetting we have
recently studied the dewetting dynamics of lithographically patterned thin nickel shapes
[44, 69], lines [56] and rings [70]. In this study we present results on the role of alloy
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composition on the dewetting behavior of thin metal films on Si substrates. Ultrathin CuNi alloys (<8nm) with different alloy compositions were chosen in this study because of
its extended solubility and its unique magneto-optical properties. This work
complements a recent study demonstrating the surface enhanced raman response of
annealed and laser dewetted gold nanoparticles [71]. To our knowledge this is the first
investigation comparing the pulsed laser induced dewetting of an alloy thin film.
Recently Kalyanaraman et al. [72] showed that pulsed laser induced dewetting of
bilayer Ag/Co thin films on silicon dioxide resulted in nanoparticles with short range
order. Because the Ag-Co binary system is immiscible, the individual nanoparticles
contained regions of pure Ag and Co.
Here we investigate the dewetting characteristics of the classic Cu-Ni isomorphous
binary solid solution alloy system.

We initially describe the fundamental dewetting

properties of the Cu-Ni alloys, and subsequently the optical properties of the thin films
and dewetted nanoparticles are presented.

To demonstrate the effect of the alloy

composition, a deliberately broad range of compositions (copper volume percentage of
81, 49 and 21%) was chosen. Additionally, to correlate the optical properties of the
resultant nanoparticles, three film thicknesses were investigated which, as will be
demonstrated, results in different nanoparticle size distributions. A 25 ns 248 nm KrF
excimer laser was used to irradiate the films. The fast laser pulse can rapidly melt the
film and with nanosecond liquid lifetimes, and therefore can minimize interfacial
diffusion and surface reactions as well as reduce evaporation that could otherwise occur
when annealing for longer times in the solid state.
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Experiment

Copper and nickel were co-sputtered using radio frequency (RF) magnetron sources to
form Cu-Ni alloy films with a volume percentage of Ni ranging from ~20<Ni%<80 along
the diameter of a 100 mm silicon (100) wafer [73]. The measured sputtering rates at the
center of the substrate were 1.4 nm / min and 1.35 nm / min for Cu and Ni, respectively,
using the following sputtering conditions: 5 cm diameter sputter targets and a Ni power
= 40 W (238 V self bias), Cu power = 30 W (148 V self bias), 25 sccm Ar-H2 (5%) at 5
mTorr processing pressure. Using these sputtering conditions, three Cu-Ni alloy films
with different thickness were sputtered on both quartz and silicon substrates by setting
the sputtering time to 1min, 2mins, and 4mins, respectively. No effort to remove the
native oxide layer on Si wafers was performed before sputtering. Each wafer was then
diced into nine pieces (~5mm x 11mm) along the composition gradient and the film
thicknesses were measured via reflectometry (Filmetrics F20-UV thin-film analyzer).
Two groups of films were subsequently laser treated and analyzed. The first group
included five samples deposited on the Si substrate (representing various Cu-Ni
compositions and different thicknesses): 1-49, 2-81, 2-49, 2-21, 4-49, where the first
number stands for sputtering time (1, 2, or 4 mins) and the second number corresponds
to the estimated copper concentration (vol. %). The second group included films
sputtered on quartz substrates and consisted of samples (using a similar
nomenclature): 1-81, 1-49, 2-81, 2-65, 2-49, 2-21, 4-81, 4-65, 4-49, and 4-21. The film
compositions were calculated by the determined sputtering rate and confirmed by
wavelength dispersive x-ray spectroscopy (WDX) measurements. Table 2.1 summarizes
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the compositions and the measured thicknesses of the two group samples.

The

normalized thickness and composition of the Cu-Ni sputtered films estimated from a
sputtering model developed for our system [63] is also shown in table 2.1.

Table 2.1 Dewetting data of Cu-Ni alloy films
On Si

On
Quartz

Sample ID

2-81

2-49

2-21

4-49

1-49

2-81

2-49

2-21

4-49

4-21

Measured Thickness, nm

4.4

3.9

3.4

7.4

2.0

4.4

3.9

3.4

7.4

7.2

Simulated thickness, nm

4.5

3.9

3.8

7.9

2

4.5

3.9

3.8

7.9

7.6

81%

49%

21%

49%

49%

81%

49%

21%

49%

21%

Nanoparticle diameter

73

66

66

136

28

40

32

59

127

132

(standard deviation) (nm)

(15)

(18.7)

(20)

(59)

(6.9)

(13)

(16)

(32)

(24)

(28)

Nanoparticle Spacing (nm)

164

158

164

512

60

151

146

151

256

284

Copper Volume percentage
( Cu% )

The films were irradiated in atmosphere by a normal incident laser beam (8 mm x 9
mm) with film centers located at the center of laser beam. A KrF (krypton Fluoride) laser
with a 5 Hz repetition rate and ~25 ns (full-width-at-half-maximum) Gaussian temporal
profile and 248 nm wavelength was used. The laser energy density was chosen by
simulated time-temperature profiles to be above the melting threshold energy and in this
case was 420 mJ/ cm2 and 160 mJ/ cm2 for films on Si and quartz, respectively.
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Importantly, the peak temperature is not constant for the films as both composition and
film thickness affects the time-temperature profile of the laser treated films. For the
dewetting mechanism discussed below, the resultant particle size has been shown to be
independent of the peak temperature (for a 500 K range) for films processed above the
melt threshold [32]. We have simulated the temperature range of pure copper and pure
nickel films on quartz and silicon at the specific laser fluence and the peak temperatures
range from 1960-1740 K (copper on silicon), 1965-1731 K (nickel on silicon), 1215-1989
K (copper on quartz), and 1330-1953 K (nickel on quartz). The simulations on quartz
assumed the 160 mJ/cm2 fluence and the simulations on silicon assumed the 420
mJ/cm2 fluence; the first temperature listed is for a simulated film thickness of 2 nm and
the second temperature of the range is for 8 nm film thickness. From the simulations,
the 2nm films of both copper and nickel on quartz are estimated to be below the melt
threshold; thus the liquid state spinodal dewetting process may not be operative here.
To obtain fully developed nanoparticles, 2 laser pulses were applied to all films except
for samples 2-21 and 4-49 on silicon which were irradiated with 5 and 25 pulses,
respectively. As will be described later, the larger number of pulses required for sample
2-21 is likely associated with the higher melting temperature of nickel and for 4-49 due
to the longer spinodal time scale for thicker films. As has been discussed previously,
liquid-phase transport dominates the dewetting behavior, thus individual pulses are
essentially additive and contribute to the cumulative liquid lifetime [74]. To confirm that
the resultant nanoparticle size distribution was not correlated to the original surface
roughness, an initial series of pure nickel films were grown and the as-deposited
surface roughness was measured and compared to the resultant nanoparticle
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distribution. Figure 2.1 shows as-deposited atomic force microscopy (AFM) scans of
the (a) 8 nm (b) 4.5 nm and (c) 2.5nm nickel films which resulted in surface
roughnesses of 0.56, 0.76, and 0.21 nm, respectively. The insets of (a)-(c) show the
fast Fourier transforms (FFT) of the measured surface roughness and figure 2.1 (d)-(f)
show the radial distribution functions of the FFTs of each film. Figure 2.1 (g)-(i) show
scanning electron micrographs of the resultant laser treated nickel films at the
comparable thicknesses with the FFT of each image as an inset. Finally, figure 2.1 (j)-(l)
shows the radial distribution functions of the FFTs from the scanning electron
micrographs of the nickel nanoparticles from (g)-(i). Consistent with [75] the surface
roughness length scale and nanoparticle length scale do not correlate; thus the ordered
nanoparticle spacing observed and discussed below is attributed to a spinodal
dewetting mechanism induced by random surface perturbations.
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Figure 2.1. Atomic force microscope images of (a) 8nm, (b) 4.5nm and (c) 2.5 nm thick
nickel films with an inset of the FFT of the image.

Figures (d)-(f) show the radial

distribution function of the FFT of the AFM images. Figures (g)-(i) show SEM images
the resultant nickel nanoparticle distributions of the laser treated (g) 8nm, (h) 4.5nm and
(i) 2.5 nm thick nickel films. Figures (k)-(l) show the radial distribution functions of the
FFT insets from the SEM images demonstrating that the surface roughness is not
correlated to the nanoparticle spacing. (note different scale for (i) and (l).
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Figure 2.1 continued.
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Results and discussion

2. 1 Dewetting pattern on Si as a function of film composition and thickness
Figure 2.2 shows scanning electron microscope (SEM) images of sample 1-49, 2-81, 249, 2-21, 4-49, after laser irradiation. The resultant particles are pseudo-spheres sitting
on the Si substrate with a contact angle θC that can be described by Young’s Equation,
γSV – γSL – γcos(θc) = 0

(2.1)

Where γSV is the solid-vapor interfacial energy (surface energy), γSL denotes the solidliquid interfacial energy, and γ is the liquid-vapor surface energy (the surface tension).
The resultant SEM images were analyzed to determine the particle size distribution
(using Image J software) which is demonstrated in the histogram shown in Fig. 2.2 (f).
The fast Fourier transform (FFT) spectrum (inset of SEM images in figure 2.2) reveals
the characteristic periods of each SEM image and was used to determine the particle
spacing. The resultant average particle diameters and spacings are summarized in
table 2.1. Some data on the quartz substrate could not be determined due to charging in
the SEM.
For the ultrathin Cu-Ni alloy films studied here, the dominant dewetting mechanism was
suspected to be a spinodal process because both pure Cu and pure Ni thin films
breakup via amplification of surface instability waves (spinodal instability) as illustrated
in the pattern evolution in figure 2.3. To help understand the dewetting behavior of the
alloy films, it is necessary to understand the dewetting behavior of pure metal films with
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Figure 2.2. SEM micrographs for the final stages of, (a) 81 % Cu-19 % Ni alloy/ Si (film
thickness: 4.4 nm), (b) 49 % Cu-51 % Ni alloy/ Si (film thickness: 3.9 nm), (c) 21 % Cu79 % Ni alloy/ Si (film thickness: 3.4 nm), (d) 49 % Cu-51 % Ni alloy/ Si (film thickness:
7.4 nm), (e) 49 % Cu-51 % Ni alloy/ Si (film thickness: 2 nm), (f) diameter distribution of
three films: 4.4nm with 81% Cu-19 % Ni, 3.9 nm with 49 % Cu-51 % Ni, and 3.4 nm
with 21 % Cu-79 % Ni. The inset in (a) – (e) are the power spectrum of the related fast
Fourier transform (FFT).
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equivalent thickness first (both on silicon substrates). Figure 2.3 (a)-(d) and Figure 2.3
(i)-(j) show the dewetting pattern evolution with increasing melt duration of a 7.5 nm
pure Cu film and a 7.7 nm pure Ni film. These images were taken as a function of the
radial position of the laser beam near the edge of the laser which represents a steep
fluence gradient and thus a variable liquid lifetime. Initially, both films break up via the
formation of small holes. While more holes appear and grow in size, continuous
polygonal structures are formed which are due to the coalescence of the rims from
adjacent holes. As also observed in other studies [6, 32], the correlation of the hole
position [32] (revealed by observing a ring in the Fourier transform of the image) and
uniform polygonal size indicate a dominant wavelength spreading along the liquid thin
film induced by the spinodal instability. However, two clear and interesting observations
of the images show a different length scale of the initial patterns in the Cu and Ni films.
First of all, note that both the distance between neighboring holes and the resultant
polygonal size formed on the Cu film is significantly smaller than on the equivalent Ni
film. Another observation is that a clear surface perturbation already appears on the
whole Cu surface between the initial holes where the propagation of the surface wave
reaches the substrate, while no clear surface wave can be observed on the Ni film at
this initial state. This suggests a much smaller characteristic length scale of the initial
perturbation and thus possibly a larger Hamaker coefficient for the liquid copper film
relative to the liquid nickel induced as governed by the interface potential of the airliquid and liquid-substrate.

Once the surface perturbation grows and reaches the

substrate, the hole consequently retracts via a balance of the relevant capillary, viscous
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Figure 2.3 (a) – (d): Dewetting pattern evolution of a 7.5nm Cu film on Si substrate as a
function of liquid duration time. (e) – (h): Dewetting pattern evolution of a 7.5nm 49%
Cu-51% Ni film on Si substrate as a function of liquid duration time. (i) – (j): Dewetting
pattern evolution of a 7.7nm Ni film on Si substrate as a function of liquid duration time.
The inset at each corner is the corresponding FFT power spectra.
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and inertial forces [15] and forms the polygonal rivulets. The resultant particle size and
distribution is a function of the subsequent break-up and transport of the rivulet network
[65]. For the nickel films, the vertices accumulate the liquid and cause a break-up
analogous to a pearling process [76] which can create secondary smaller particles
between the vertices. For thicker films, and larger rivulet bridges, the rivulet can breakup via a Rayleigh-Plateau instability which is modified by the substrate [53]. For the
shorter copper rivulet break-up, the network forms a bi-continuous network of rivulets
which subsequently break-up and form the nanoparticle array. Clearly the final
nanoparticle size and spacing is initially set by the spinodal wavelength of the holes and
the subsequent competition between capillary-induced transport of the rivulets and the
Rayleigh-Plateau or pearling-type instability.

As a result of the different pathways for the morphology evolution, Ni films result in a
larger spacing and larger size of primary particles and forms more small secondary
particles as well relative to the Cu film (resulting in a bi-modal distribution). The final
particles distribution is quantitatively showed in figure 2.4. The dewetting process of
pure Cu and Ni films with thickness between 2nm and 8nm are assumed to follow the
spinodal process as observed in ~7.5nm films and thus it is expected that the alloy films
in this work follow the basic mechanism of spinodal dewetting as well, but the length
scale is modified by alloy composition.
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Figure. 2.4 Particles diameter distribution of three films: 7.5nm Cu on Si substrate,
7.5nm 49% Cu-51%Ni on Si substrate, and 7.7nm Ni on Si substrate.

Figure 2.3(i) – (j) shows the pattern evolution of the 7.5nm 49%Cu-51%Ni alloy film
(sample 4-49). Interestingly this alloy composition shows pattern evolution attributes
associated with both the pure copper and nickel films. The initial holes distances are
comparable to the holes distance of the Cu film; however, the SEM image does not
show an obvious perturbation wave on the alloy film surface between the initial holes
which is similar to the pure Ni film. More exhaustive correlations between the dewetting
pattern evolution as a function of composition will be investigated in the future, but it
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appears that the dewetting dynamics can be controlled by varying the film composition.

Hence, based on the characteristic pathway of pattern evolution and the resultant final
distribution of nanoparticles in pure Cu and Ni film, we expect that one can tune the
dewetting pattern of an alloy film by controlling alloy composition. As can be seen from
table 1 the distribution of the nanoparticles formed on sample 2-81, 2-49, and 2-21
results in a very similar average diameter D (66 nm ~73 nm) and particle spacing S
(~160 nm). However, the size distributions are clearly different for the different alloy
compositions as demonstrated in the plot of the nanoparticle size distribution frequency
in Figure 2.2(f). It shows the Cu rich side (2-81) has a more uniform particle size
compared to the Ni rich side (2-21) which have a larger range and possibly a bi-modal
size distribution (demonstrated more clearly in the image). Intuitively, one would expect
that the metal with higher percentage in the alloy would dominate the dewetting process
and the characteristic final pattern. On the other hand, it is noticed that the spacing
between particles are quite similar for different film compositions. As pointed out by
other studies [15, 32, 65, 67-68], the spinodal dewetting only represents the initial stage
of film break up, once the polygonal or bi-continuous patterns are formed, the
subsequent dewetting is dictated by other mechanisms and thus the convolution of the
nanoparticle spacing is complex.

Next we compare the results from samples 4-49, 2-49, and 1-49 in table 1 to see the
influence of initial film thickness on the particle size and spacing. According to TFH
theories, the characteristic spinodal length Λ can be expressed as a function of film
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thickness (h) as [4]:

 ( h) 

16 3 2
h  Bh 2
A

(2.2)

Where γ is the surface tension of the metal and A is the Hamaker coefficient. As
described, it is reasonable to suggest the final spacing between particles is proportional
to spinodal length Λ as the spacing = a Λ, where a is a proportionality factor, thus the
final particle spacing is correlated to the initial spinodal length scale.
Furthermore, the spinodal time scale related to this characteristic spinodal length Λ is
given as  D = (96 π3 γ ηh5) / A2 [32]. The result predicts that the spinodal timescale is
proportional to h5 which means the thicker film may need a longer melting time (pulse
number) to initiate the spinodal dewetting process.
It is shown via a conservation of mass [32], that for spinodal dewetting on SiO2
substrates the average particle diameter D

h5/3 based on volume conservation

(assuming no mass loss during laser treatment).

In figure 2.5 we plot the particle

spacing and average diameter as a function of film thickness (solid circle) and the
power law fit yields a correlation as spacing S= 14.56h1.78 and D = 11.49h1.26 .
The offset for our results on Si substrate is reasonable considering two factors. One is
the different dewetting mechanism following the spinodal breakup, such as Rayleigh-like
breakup which has a spacing

h

½

correlation [56]. Another point which may affect the

nanoparticle diameter is the mass loss during laser processing due to evaporation
and/or diffusion into the substrate when the films are on a Si substrate. To estimate the
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Fit: D=11.49h^1.26 (R^2=0.99)
Fit: S=14.56h^1.78 (R^2=0.99)
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Figure 2.5. Analysis of the length scales in the final nanoparticles distribution as a
function of film thickness: the dominant nearest-neighbor spacing S of nanoparticles
(solid circles) and the average nanoparticle diameter D (solid squares) for Cu-Ni alloy
films. The fits use power function and R^2 in each graph indicate the correlation
coefficient of the least-squares fitting.

mass loss we have calculated the cumulative volume of the nanoparticles by performing
image analysis of the plane-view nanoparticle radius (r) size distribution of selected
areas of the SEM images and summing the individual calculated nanoparticle volumes
(V) from the expression V = π (r/sinθ)3 (2-3cosθ-cos3θ) where θ is the wetting angle.
We have estimated a mass loss of ~ 30% for films on silicon; whereas for laser
dewetted films on silicon oxide, virtually no mass loss has been measured. While one
would expect preferential mass loss of copper by both mechanisms because the copper
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diffusion coefficient is larger than nickel and copper’s vapor pressure in the relevant
temperature ranges are higher, WDS measurements before and after laser treatment
yielded comparable stoichiometries. This however does not unequivocally conclude
that the bulk is not somewhat depleted in copper because the probe depth of the WDS
is well into the silicon thus any preferential copper diffusion could not be distinguished.

2.2 Optical measurement and analysis
Metallic nanoparticles surrounded by a dielectric medium have attracted significant
attention due to their unique optical effects including surface plasmon resonance (SPR)
absorption. SPR is the oscillation of free (conduction) electrons inside a metal particle
excited when the wavelength of an incident light is equal or close to the plasmon
resonance frequency of the particle. The resonant electromagnetic wave named surface
plasmon resonance is a charge-density oscillation that may exist at the interface of two
media with dielectric constants of opposite signs and can be easily observed for noblemetal nanoparticles, such as Au, Ag, and Ni, due to the confinement of the conduction
electrons to a small particle volume. For particles with a diameter d<<λ, the conduction
electrons inside the particle move all in phase by an incident plane-wave (wavelength λ)
excitation, which result in the buildup of polarization charges on the particle surface.
These charges act as an effective restoring force for a resonance to occur at a specific
frequency, the particle dipole plasmon frequency, where the response of the electrons
shows a π/2 phase delay comparing to the driving field. Thus, a resonantly enhanced
field builds up inside the particle, which can be considered as homogeneous inside a
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small particle volume, and this field also produces a dipolar field outside the particle.
This leads to enhanced extinction cross sections for electromagnetic waves, as well as
to a strongly enhanced near field in the medium adjacent to the particle surface. For a
spherical particle with a frequency dependent dielectric function ε=ε’+ iε‖, embedded in
a medium of dielectric function εm, extinction cross section Cext is given by:
=

(2.3)

where the real and imaginary parts of the dielectric function may be give as:
(2.4)
(2.5)

where ε∞ is the high frequency dielectric constant due to interband and core transitions
and ωp is the bulk plasma frequency
ωp2=Ne2/mε0

(2.6)

N is the concentration of free electrons in the metal, and m is the effective mass of the
electron. ωd is the relaxation or damping frequency, which is related to the mean free
path of the conduction electrons, Rbulk, and the velocity of electrons at the Fermi energy,
vf, by
ωd = vf / Rbulk

(2.7)

1/Rbulk can be replaced by 1/Reff when concerning the affect of the size and geometry of
the particle.
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Equation (2.3) predicts the existence of an absorption peak when
ε’ = -2εm

(2.8)

In a small metal particle the dipole created by the electric field of the light wave sets up
a surface polarization charge, and when condition (2.8) is fulfilled, the long wavelength
absorption by the bulk metal is condensed into a single, surface plasmon band.
Generally, from above discussion we can see that the optical spectral position, damping
frequency, and the intensity of absorption peak of metal nanoparticles depend on the
particle material, size, geometry, as well as the dielectric function of the surrounding
environment.
Au, Ag and Cu are the most widely used metals that support the plasmon resonance in
UV-visible region. However, comparing to Au and Ag, much less effort has devoted to
understanding the plasmonic properties of Cu due to the tendency of surface oxidation
that can affect the optical properties. Since Cu is the most widely used metal in
electronic devices with high conductivity and low cost, it is valuable to study the tuning
and control of its SPR peak when alloyed with Ni and covered with a thin native oxide
layer. The plasmonic excitation wavelength of nickel has been calculated and
experimentally observed to be approximately 400 nm [77-78]. Previous studies have
shown that the intensity, peak width, and peak wavelength of SPR dramatically depends
on the dielectric function of particle material, particle size, geometry, as well as the
dielectric environment. For alloy films/nanoparticles with a fixed dielectric medium
environment, the SPR peak is expected to shift as a function of the alloy composition
and can be adjusted by nanoparticle size distribution.
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In this section, to investigate the functionality of the alloyed and pulsed laser assembled
nanoparticles, the optical properties of the Cu-Ni alloy films with different alloy
concentration before and after pulsed laser treatment with a fixed dielectric medium
environment was explored. Transmission and reflectance spectra measurements were
made in air from 300 to 900 nm (4.1-1.377eV) at room temperature using and ocean
optics HR2000+ spectrometer. A bare quartz sample was used as a reference and the
absorption or extinction was corrected for the substrate effects.
Firstly, the absorption of the original Cu-Ni thin films were measured to compare to the
laser dewetted assembled nanoparticles.

Figure 2.6 (a) is a plot of the measured

absorption efficiency of various Cu-Ni thin films with different compositions and
thicknesses deposited on quartz. The films show a relatively flat absorption from 500nm
to 900nm. A weak absorption feature appears at 400nm-500nm for all the samples.
To compare the measured spectra, the absorption spectra of Cu-Ni films with equivalent
film thickness (2 nm, 2.5 nm, 3.4 nm, 3.9 nm, 4.4 nm, 7.2nm, 7.4nm, and 9 nm) and
copper compositions of 81, 49, and 21% were generated using the Beer–Lambert law:

Iabs. /Io=1-exp (-αx)

(2.9)

Where α is the absorption coefficient of the alloy whose effective medium dielectric
function was approximated by the average dielectric constant weighted by volume
fraction of the alloy and x is the film thickness [79-80]. For instance, for a 21% Cu film,
=0.21

And thus,
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+0.79

(2.10)

=0.21

+0.79

(2.11)

Considering copper is prone to oxidization, the absorption of a 1nm Cu 2O film was also
considered (not shown). We estimate that the thickness of Cu 2O is close or less than
1nm using an oxidation rate of Cu of ~0.03nm/day[81]. The calculated spectra of the
alloys without an oxide layer are plotted in Fig.2.6 (b), which shows good agreement
with the measured spectra. Comparison of Fig 2.6 (a) and (b) shows that while there is
no clear peak in the pure alloy spectra, thus the observed small peak at ~ 440nm is
likely attributable to a thin Cu2O which has higher absorption at short wavelength range
and a small peak at ~440nm. Thus the main difference between the measured and
calculated spectra between 400 to 500nm is likely due to Cu 2O absorption. Additionally,
the band absorption of Cu and Cu2O may contribute to this weak peak also. The
reported absorption band for Cu and Cu2O are both around 2.1eV (590nm) with only
0.1eV difference [77, 82-83]. While the optical gap of the thin film here is difficult to
determine, the blue shift of band gap absorption to ~480nm may be caused by the
quantum confinement effect which was also observed by Liu et al and Yang et al [82,
84].

However, further analysis such as time dependent optical measurements (to

correlate to the copper oxidation) or careful chemical analysis is needed to confirm this
assignment. Comparing figure 2.6 a) and b) shows some expected trends in both the
film thickness and increasing copper concentration. Of course the absorption spectra
all increase with increasing film thickness and are very sensitive at these thicknesses
because of the high absorption coefficient of both materials. For the ~ 2 and 4 nm thick
films the trend in the increased absorption in the long wavelength region (> 650 nm) is
consistent with increasing copper concentration.
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Figure.2.6 (a) Experimental absorption spectra of Cu-Ni alloy as-deposited films; (b)
Calculated absorption spectra of Cu-Ni alloy films with equivalent film thickness and
alloy composition(81% Cu, 49% Cu, 21% Cu); (c) Extinction spectra of 81% Cu alloy
nanoparticles dewetted from 2 nm, 4.4 nm, and 9 nm Cu-Ni films; (d)Extinction spectra
of 49% Cu alloy nanoparticles dewetted from 2.5 nm, 3.9 nm, and 7.4 nm Cu-Ni films;
(e) Extinction spectra of 81% Cu, 65% Cu, 49% Cu, and 21% Cu alloy nanoparticles
dewetted from 9 nm, 8.2 nm, 7.4 nm, and 7.2 nm Cu-Ni films respectively. The times
(4mins, 2mins, 1min) indicated in (a), (b), (c), (d) are the thin film sputtering times
corresponding to film thickness of about ~8nm, ~4nm, and ~2nm respectively.

55

81% Cu

0.7
0.6

0.6

0.4
0.3

2mins

0.2

0.4
0.3

0.1

1mins
400

500

1mins
600

700

800

0.0
300

900

wavelength, nm

(d)

9nm-81% Cu
8.2nm-65% Cu
7.4nm-49% Cu
7.2nm-21% Cu

4mins

0.6

Extinction

0.5
0.4
0.3
0.2
0.1

400

500

600

400

500

600

700

wavelength, nm

(c)

0.0
300

2mins

0.2

0.1

0.7

4mins

0.5
Extinction

Extinction

0.5

0.0
300

49% Cu

0.7

4mins

700

800

900

wavelength, nm

(e)
Figure.2.6 continued.
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For the optical properties of the dewetting formed nanoparticles, two series of results
are presented and analyzed in this study: 1) four samples of 4 min-sputtered samples:
4-81, 4-65, 4-49, and 4-21. This series reveals the composition influence on the
nanoparticle optical response. The second group compares the response of the Cu 81%
Ni19% (1-81, 2-81, and 4-81) and Cu 49% Ni 51% (1-49, 2-49, 4-49) samples which
reveal the effect that different nanoparticle sizes have on the plasmonic behavior.

2.2.1 Optical performance with different alloy concentrations

The extinction spectra of copper rich Cu-Ni nanoparticles in the 4 min series (~ 8 nm
thick), which have an average particle diameter ~130 nm with a ~240 nm size
distribution range, are shown in figure 2.6 (e). Table 1 shows that the difference in the
average diameter between these four samples is less than 5%, however it is important
to note that for these films, the final size distribution range is very similar as determined
via SEM image analysis. This is contrary to what we observed for the films dewetted on
silicon, which yielded very different dewetting characteristics (see figures 2.3 and 2.4).
This is likely due to the different surface energy and Hamaker coefficients of the films on
quartz relative to the films on Si. Thus we attribute the shift in the SPR peak position
and shape to the alloy composition. The influence that the nanoparticle size and
distribution have on the SPR is discussed in the following paragraph. The four samples
have absorption peaks of: 4-81 – 653nm, 4-65 – 600 nm, 4-49—550nm, and 4-21 – 516
nm. The peaks for 4-81 and 4-65 with higher Cu concentration have much higher
intensity and narrower width, while the peaks for 4-49 and 4-21 are very broad and
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weak. According to previous report [85-86], alloys (particularly solid solutions) typically
have one single SPR absorption peak that is an intermediate of the two individual
resonance peaks indicative of each element, and the peak position is dependent upon
the elements and their relative concentration. It can be seen that although the results
are likely perturbed by a thin oxidation layer [78] the surface plasmon peak has been
effectively tuned over 100nm wavelength by alloying with Ni. The blue shift can be
attributed to the decrease of the real part of dielectric function ε 1 of the alloy when the
amount of Ni increases according to the well known criterion for SPR (ε 1 = 2(nd)2) [77],
and the depression of SPR peak could stem from the significant increase of the
imaginary part ε2 because the intensity of SPR peak is inversely related to ε2.

2.2.2 Optical performance with different nanoparticle sizes

Figure 2.6 (c) and (d) show the extinction spectra of the 81 % Cu (19 % Ni) sample
series and 49 % Cu (51 % Ni) sample series, respectively. The average nanpoparticle
diameter of particles on the quartz samples trended slightly smaller than the particle
size on Si substrate. Summarily the average diameter and size distribution is estimated
from SEM images as follows: ~130 nm with a ~240 nm distribution range for the 4 min
samples, ~45 nm with a ~100 nm distribution range for 2 min samples, and ~20 nm with
a ~40 nm distribution range for 1 min samples. We can see from figure 2.6 that the peak
generated by smaller particles in sample 2-81 blue-shifts to ~602 nm and the peak is
smaller and narrower compared to sample 4-81. It is well known that for larger particles
(as for sample 4-81) beyond the Rayleigh approximation, the dipolar resonance appears
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to red-shift as well as undergo substantial broadening, because the conduction
electrons do not all move in phase. On the other hand, the depression of the peak for
sample 2-81 may be attributed to the additional scattering of conduction electrons by
the particle surface, which can increase the damping frequency by decreasing the mean
free path of free electrons. In addition, the larger particle size distribution range in 4-81
can also contribute to the broadening of the SPR peak.
An important difference between our dewetting formed nanoparticles and most other
reported nanoparticles used in SPR study is the particle shape and size distribution.
Unlike generally used spherical nanoparticles embedded in either uniform or mixed
dielectric medium, the nanoparticles studied here are spherical ―caps‖ ―sitting on a
quartz substrate with a certain contact angle which is ~70º as discussed earlier and
have a wide distribution of diameter. On the one hand, a certain contact angle results in
a particle height (h) to diameter (D) ratio: h/D = (1-COS(θ))/2SIN(θ), which is ~0.35 for
θ=70º(e.g. for a particle with 160 nm diameter, the height is ~56nm.The dipole plasmon
resonance is dependent on the particle shape and the height to diameter ratio which
makes the determination of SPR peaks more complex. On the other hand, the
nanoparticle size distribution likely broadens the peak and additionally complicates the
exact determination of the the plasmon peak. Our results however, qualitatively agree
with the study in reference [84], which studied the tuning of SPR peaks by varying the
height/diameter ratio of Cu nanoparticles with similar height/diameter ratio scale on a
glass substrate with dimensions on the same order of magnitude as presented here.
Consistent with our results, they observed a red shift in the copper plasmon peak (from
~670 nm to ~760 nm) with decreasing particle height from ~70nm to ~20 nm at a fixed
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diameter (390 nm), and a blue shift from ~600 nm to ~260 nm at a fixed particle height
(50 nm).
For the 50 % Cu samples, as discussed above, a broad peak appears at ~550 nm for
sample 4-49. However, no peak is observed for 2-49 and 1-49. Apparently the peak at
the lower copper concentration is already weak and thus it is suspected that the
plasmonic peaks in sample 2-49 and 1-49 may be totally quenched due to higher
damping frequency in smaller particles.

Conclusions

The dewetting behavior of Cu-Ni alloy system on Si substrate was investigated and the
optical properties of the as-deposited versus the pulsed laser assembled nanoparticle
arrays were compared as a function of the Cu-Ni concentration. It was demonstrated
that the nanoparticle size distribution and spacing is controlled by varying alloy
composition and as-deposited film thickness. Pure thin Cu and Ni films on Si substrate
show a different spinodal length scale and dewetting evolution.

Subsequently the

dewetting of the alloy varies with the alloy composition. The particle spacing and
average diameter as a function of film thickness (with same alloy concentration) can be
expressed by a power law fit yielding a correlation as spacing S= 14.56h1.78 and particle
diameter D = 11.49h1.26. The slight deviation from TFH prediction might be mainly
attribute to the mass loss took place on Si substrate and the different rivulets breakup
mechanism after polygonal structure formation. By varying the alloy composition and
the as-deposited thickness, the surface plasmon resonance of the nanoparticle array
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assembled via pulsed laser dewetting could be tuned. Thus pulsed laser dewetting of
alloy films has the potential to tune the nanoparticle size distribution and realize
interesting optical response in various applications.

While the distribution of

nanoparticle size and spacings is a natural consequence of the dispersion relation
governing the spinodal dewetting process, and the system energy and hamaker
coefficient can be varied by different substrate, future work will be performed
investigating influence of substrate on thin film dewetting process.
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CHAPTER III
ON THE BREAK-UP OF PATTERNED NANOSCALE COPPER RINGS INTO
NANOPARTICLES: COMPETING INSTABILITY AND TRANSPORT MECHANISMS

On the Break-up of Patterned Nanoscale Copper Rings into Nanoparticles: Competing
Instability and Transport Mechanisms has been published previously in Langmuir by
J.D. Fowlkes, P.D. Rack, J. Diez, L. Kondic and myself [70]. I acknowledge support
from the Material Sciences and Engineering Division Program of the DOE Office of
Science, and

that a portion of this research was conducted at the Center for

Nanophase Materials Sciences, which is sponsored at Oak Ridge National Laboratory
by the Division of Scientific User Facilities, US Department of Energy, and partial
support by the NSF grant No. DMS-0908158. This work was partly inspired by Javier
Diez and Lou Kondic’s pioneer study [55-56, 87]. Of the work presented in this chapter
Javier Diez and Lou Kondic did the hydrodynamic simulations. Jason Fowlkes helped to
pattern all the initial ring structures, and Philip Rack provided direction, funding of the
research, discussion and motivation.

Introduction

As the stability of a continous thin liquid film on a solid substrate governed by the van
der Waals forces, the wetting/dewetting behavior of a nano scale patterned thin film
structures with equivelent thickness range can be more complicated because of the
patterned shapes (boundaries) inducing additional instabilities. An unbalanced capillary
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force at the three phase boundary line will act as a driving force on the liquid flow
towards the equilibrium contact angle θeq. Moreover, when the film is melted via laser
irradiation, Rayleigh-Plateau instability could be operative at certain time and length
scales competing with the unbalanced capillary force and the spinodal instability.
While fluid transport and dewetting phenomenon have been studied on multiple length
scales, interesting transport [34] and instabilities [88] mechanisms and regimes emerge
at nanometer length scales. In recent years, the instability and consequent breakup of
thin rivulets has been a subject of study relevant to applications in the field of
nanofluidics [55, 89-91]. At the nanoscale, thin film and R-P mechanisms can compete
with the smallest instability time-scale dominating the resultant length scale. Relative to
studies of 2-dimensional thin film instabilities, fewer studies have been performed on 1dimensional metal film instabilities. Earlier pioneering works on other materials include
Young and Davis [48] who studied the rivulet on a sloping surface where an axial flow
can be observed due to gravity. Brochard-Wyart and Redon [92] reported the study of a
rivulet stability based on analysis of the free energy, whereas Sekimoto et al. [47]
studied spatial perturbations of the rivulet steady state solution by minimizing surface
energy, and Langbein [51] explored the rivulet on a plane substrate by treating the
problem as a particular case of flow in a wedge. Including some more recent studies[4950, 52, 55, 93], most of these works considered a rivulet cross section as an arc of a
circle with specified contact angle and ignored the effect of gravity, particularly in
nanoscale rivulets, where van der Waals interactions become more important.
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To complement the numerous investigations studying instability propagation and the
self-assembly of subsequent nanoparticle arrays, and based on our initial study of
nanoscale patterned nickel lines [56] and shapes [69] that experience competing
instability mechanisms due to surface perturbations and edge effects related to the finite
length of the metal lines liquefied by pulsed laser heating, where the experimental time
and length scales for the edge and Rayleigh-Plateau instability were surprisingly
adequately reproduced employing a numerical method using the lubrication
approximation to the Navier-Stokes equation, in this chapter we present results using
nanometer-scale patterned metal (copper) rings.
Rings are intriguing structures for investigating instabilities that lead to the liquid film
break-up and droplet formation, in view of the fact that this geometry eliminates edge
effects.

To simplify this study large radius rings were studied, so as to minimize

additional Laplace pressures associated with the ring radius.

The impact of an

additional Laplace pressure for small radii rings[55] can be examined experimentally in
the future.
The main result in this chapter reveals the correlation between the resultant length scale
of 13nm and 7nm thick copper rings nanolithographically patterned on Si Substrate and
the transport and instability growth that occur during the liquid lifetime of the melted
copper rings. For 13nm thick rings, a change in the nanoparticle spacing with the ringwidth is observed and attributed to a transition from a Raleigh-Plateau instability to a
spinodal thin film instability due to competition between the cumulative transport and
instability time scales. For thinner 7 nm thick rings dewetted into nanoparticles via laser
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irradiation, a third instability is noted for the widest rings which is attributed to a flowtype instability in the radial dimension and results in concentric nanoparticle rings.

Experiment

Initially twenty 5um and twenty 10um radius copper rings (sufficient for the in-plane
Laplace pressure to be negligible) with various ring-widths were patterned onto (100)
oriented single crystal silicon substrates where no attempt to remove the native oxide
was made.

Each ring was electron beam patterned into a positive tone thin

polymethylmethacrolate (PMMA) film. A 13 nm copper film was subsequently sputter
deposited and the ring pattern was realized by dissolving or ―lifting-off‖ of the original
PMMA film in an acetone bath for ~ 1 hour. The ring-widths ranged from 93 to 441 nm
as measured by scanning electron microscopy. Subsequently a KrF 25 ns pulsed laser
at 248 nm wavelength was used to simultaneously expose all of the ring patterns to ten
420 mJ/cm2 fluence pulses, which is sufficient melt the copper film and ultimately form
an array of ordered nanoparticles.

Figure 3.1a) are electron micrographs of five

different 5 μm rings with different ring-widths after laser exposure which demonstrates
the resultant nanoparticles. Figure 3.1b) is a plot of the average particle spacing versus
the measured ring-width for the two ring diameters.

While the focus of this study

compares the average spacing, consistent with the instability mechanisms described
below, a distribution of particle spacings (and consequently particle size) is realized as
- 110 nm wide
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Figure 3.1. a) Scanning electron micrographs of the 13 nm thick, 5 μm radius copper
rings with variable ring-width. b) Plot of average nanoparticle spacing for twenty 5 μm
and twenty 10 μm radius rings as a function of the measured ring-width. Insets of figure
3.1b) show the histograms of the particle spacing (upper right) and particle radius lower
right for the 5 μm radius - 110 nm wide ring.
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Figure 3.1 continued
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ring. Subsequent to the 13 nm copper rings, a set of 7 nm copper rings were also
synthesized using the same procedure. For later reference, we note that there is some
metal mass loss taking place during laser irradiation, possibly due to evaporation and
diffusion into the substrate. We estimate this loss to be in the range of 5-10 % per laser
pulse.

Results and discussion

Our initial expectation for the laser treated rings was that we would see a monotonic
increase in the nanoparticle spacing with ring-width consistent with the formation of a
rivulet and the subsequent break-up due to a Rayleigh-Plateau instability [56] modified
by the presence of the substrate [53, 92, 94].

Figure 3.1b) however, shows an

interesting trend in the nanoparticle spacing for the combined 5 and 10 μm radii rings as
a function of the measured ring-width. Starting at small ring-widths, there is an increase
in the nanoparticle spacing with increasing ring-width up to approximately 200nm where
there appears to be a discontinuity/shift to a lower and almost constant particle spacing.
3.1 Model
In order to gain better understanding of the breakup process, similar to our previous
work,[56] we realize that the transport and instability growth during the liquid lifetime
dominates the solid state transport which is negligible comparing to the liquid state
transport (see also [32, 95] regarding this point). Thus, we concentrate on the modeling
of a Newtonian liquid film. We furthermore use the fact that the 25 ns pulsed laser
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irradiation allows for very rapid heating to assume that all thermal related effects take
place on a time scale which is much faster than the time scale on which the evolution
takes place, so that we may consider a film at fixed temperature. Finally, we apply a
long wave (lubrication) approximation, allowing us to reduce the otherwise very
complicated problem to a tractable formulation. The issues and necessary
approximations involved in applying the lubrication approach to a problem characterized
by relatively large contact angles are discussed elsewhere.[55-56] Within this approach,
the following single nonlinear 4th order partial differential equation governs the
evolution,[87]
(3.1)
where h(x,y) is the film thickness, x and y are the in-plane coordinates, =(/x,/y), 
is the dynamic viscosity, and  is the surface tension.

Here, the second term

corresponds to the capillary forces, and the third term is due to liquid-solid interaction.
The disjoining pressure, (h) is related by differentiation to the interfacial potential (h).
The functional form of (h) which we have used in our recent works [55, 76, 87] is of
the form corresponding to an interface potential that has competing long and short
range forces and has a minimum at nanoscale lengths[5],

,

(3.2)

introducing  (proportional to the Hamaker constant), equilibrium film thickness, h*
(corresponding to the minimum of the potential (h) [5]), and the exponents n > m > 1.
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The first term represents liquid-solid repulsion, while the second term is attractive,
leading to a stable film thickness h=h*. Within this model,  = S/(Nh*), where S is the
spreading parameter, and N = (n-m)/((m-1)(n-1)). The spreading parameter can be
related to the apparent contact angle  via Laplace-Young condition S=(1 - cos).
Remark 1: For simplicity we do not include the presence of silicon oxide layer since the
measured wetting angle of the resultant copper droplets (~50°) was close to the
expected value for copper on silicon (~59°) relative to copper on silicon oxide (~90°);
analysis of the possible influence of the native silicon oxide layer is left for future work.
Remark 2: We consider this version of disjoining pressure (with the coefficients in front
of the two terms being the same) for simplicity, and since the relative magnitudes of
these terms are not known anyway. An alternative approach is to incorporate the
relative magnitudes of these coefficients into the definition of the equilibrium thickness
[96]; we do not follow that approach here, but instead implement a simpler approach
described next.
3.2 Estimating the Hamaker constant
Critical to understanding the length and time scales associated with the ring instabilities
and nanodrop breakup is an estimate of the equilibrium thickness h *. This is equivalent
to determining the effective Hamaker constant of Cu on Si substrate with a thin native
SiO2 film (Approximately 2nm measured via optical reflectometry), A, assuming that
these quantities are related by A = 6pkh*3 (see, e.g., [88, 96]). The Hamaker constant
involved in a bilayer metallic liquids system can be calculated theoretically from
dielectric function [26, 97] or surface tension [98] of related materials. For the film
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structure of Cu on Si substrate with a native SiO2 film, both the two solid substrates (Si
and SiO2) can contribute to the van der Waals force acting on the liquid film. And hence
the effective Hamaker constant also includes the effect of the two solid substrates. The
calculation of one effective Hamaker constant for the whole system can be complicated.
Furthermore, when laser irradiation liquefies the film and continuously irradiates the film
it might change the free electron motion in the film. Hence we directly estimate the
effective Hamaker constant by fitting the experimental nanoparticle spacings resulting
from the initial perturbation of the thin films with the predictions of the linear stability
analysis (LSA) of the one-dimensional version of Eq. (3.1) as described below. In order
to estimate A (or h*), a thin film of copper was sputter deposited onto silicon substrate
with a native SiO2 layer. More precisely, a thickness gradient was sputtered across a
100 mm long strip of silicon [73]. The film thickness was measured via optical
reflectometry every 10 mm across the sample (Figure 3.2). The wafer was diced and 5
samples were laser treated with three 420 mJ/cm2 pulses, sufficient for the film in each
sample to dewet and form nanodrops. Subsequently scanning electron micrographs of
the resultant nanodrops were taken (see Figure 3.2 insets for three example
micrographs) and droplet sizes and spacings were determined using an imaging
software analysis program and using the fast Fourier transform of the image,
respectively.
The spacings found experimentally above were related to the predictions of the linear
stability analysis (LSA) of the one-dimensional version of Eq. (3.1), assuming the
functional form of the disjoining pressure given by Eq. (3.2) and using n = 3, and m =
2.15 This analysis is carried out in the usual manner, assuming that infinite film is
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perturbed by small perturbations, and then finding the most unstable mode.8 The
comparison between the wavelength of this most unstable mode and the experimental
spacing then enabled us to extract the effective Hamaker constant of approximately
1.56×10−17 J. We note that this procedure is only approximative since LSA (assuming
small perturbations) is used, while the distance between the particles is a result of
nonlinear evolution; however, it is expected that this approach is reasonably accurate.
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Figure 3.2. Sputtered copper nickel film thickness as a function of substrate position
with insets of scanning electron micrographs of the resultant nanoparticle distributions
of three copper film thicknesses after pulse laser treatment.
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This value of A corresponds to the precursor thickness of h *

0.81 nm. While this is

larger than typical van der Waals length scales, it is in reasonable agreement with
Bischoff et al.12 who investigated the spinodal breakup of gold thin films.13 They
determined a characteristic length scale for the gold/silica system on the order of
2.5×10−17 J. Work by Trice et al.17 using a regression of the droplet spacing versus the
square of the thickness (h20) for cobalt resulted in an effective Hamaker coefficient of
~1.4×10−18 J.
3.3 Discussion
With the effective Hamaker constant relevant for our system known, and the film
properties listed in Table 3.1, we proceed to consider evolution of the ring geometry,
using the formulation based on the governing Eq. (3.1). We note that most of our
conclusions will be based on further use of linear stability analysis, which only
approximately describes nonlinear processes responsible for instability and breakup.
Therefore, we are not looking for exact agreement, but hope to understand the main
features of the experimental results. In particular, for most of the work, we ignore
azimuthal radius of curvature of a ring. This can be justified by considering the Dean
number, D, which is basically the usual Reynolds number Re = rVw/μ, multiplied by
where V is the azimuthal velocity and R is radius of the ring. Since we do not
observe any important azimuthal flow, it is expected that the azimuthal velocity is much
smaller than the radial velocity. Thus, we can do an estimate by considering the worstcase scenario where V is of the same order as the radial velocity, which is estimated
experimentally to be about 6 m/sec. We take w = 500 nm, R = 5 μm and obtain D
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1.

Since the influence of azimuthal curvature is expected only for much larger values of
D,[99] we find that for the problem considered here the effects of azimuthal curvature
appear not to be important.
Table 3.1. Thermophysical properties for hydrodynamic simulations
Copper liquid viscosity
Copper liquid density
Cu-Si surface energy
Si-air surface energy
Cu-air surface energy
Liquid copper wetting angle

4.38 mPa-s
8 g/cm3
0.076 N/m
0.75 N/m
1.304 N/m
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First, we consider just a cross section of a strip. Therefore, we concentrate for a
moment on a semi-infinite film with variable width comparable to experiments and
infinite length in the perpendicular direction. Time dependent simulations of the
corresponding one-dimensional version of Eq. (3.1) (x is the direction across the ring)
were performed to understand the evolution. Figure 3.3a shows the cross section of the
13 nm thick film of a width of w = 100, 300, and 500 nm. The 100 nm wide ring simply
re-distributes material to minimize the surface area. However, the 300 and 500 nm wide
rings contract at a velocity of ~6 m/s until they reach the equilibrium shape (and thus
forming a semi-cylindrical strip). Figure 3.3b shows the edge position as a function of
time, revealing the approximate time period required for a strip to form. These times are
~ 1.7, 13 and 27 ns for the 100, 300, and 500 nm wide rings, respectively.
Now we return to the physically three dimensional problem of a semi-infinite thin film,
approximating the ring geometry, but still ignoring azimuthal curvature. Stability
properties of such a film were discussed theoretically in our recent works, [55, 87] and
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here we briefly summarize the results in the present context. First, a flat (infinite) film
may be subject to a spinodal-type of instability, that is, small surface perturbation may
grow and lead to breakup. In addition, nucleation type of instability may be relevant, as
discussed extensively, including in the context of liquid metal films (see e.g.,[100]).
These instability mechanisms are further influenced by the finite film size, since the
presence of fronts (film edges) contributes to instability development. In this work, we
will consider spinodal-type of instability as representative of thin film instability, and
defer the discussion of various types of thin film instabilities to future work; in any case,
as it will become apparent below, what is of relevance here is the scaling of the distance
between the droplets with the ring width, w, and both spinodal and nucleation type of
instability predict that this distance is independent of w. Next, ignoring for a moment film
instability mechanisms, and assuming that an infinite strip forms as shown in figure 3.3,
we realize that such a strip is a subject to a Rayleigh-Plateau (R-P) type of instability,
modified by the presence of the substrate [55-56]. As we discuss next, an interplay of
these two instability mechanisms appears to be responsible for the experimental
observations.
Considering first the LSA of a thin film of thickness h 0, we find the expression for the
wavelength of maximum growth as [87]:

= 2π

,

75

(3.3)

(a)

(b)

Figure 3.3. a) 2-dimensional time-dependent transport simulations of the 13nm thick
copper ring cross-section for a 100, 300, and 500 nm wide ring. b) Temporal profile of
the film/rivulet height of the 100, 300, and 500nm wide rings demonstrating the rivulet
formation time scale for each ring-width.
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and the value of the corresponding growth rate as

=

,

(3.4)

On the other hand, when a similar approach is applied to a strip of given cross section A
= h0w in equilibrium under capillary and van der Waals forces, we have [55],

= 2π

,

(3.5)

With an approximate growth rate [55, 92],
=

F( )

,

(3.6)

Where

.

(3.7)

Figure 3.4 shows these length and time scales for a liquid copper on silicon based on
the effective Hamaker constant calculated above, and the material properties listed in
Table 1 for (n,m) = (3,2). This figure also shows averaged experimental data from figure
3.1b, with the error bars resulting from the averaging procedure. The averaging
procedure for the data presented in figure 3.4b involved ordering all of the measured 5
and 10 μm ring widths shown in figure 3.1b smallest-to-largest and grouping (4-6 data
points each) the ring widths and resultant spacings; the averages (and appropriate
standard deviations) of the grouped ring widths and associated spacings are presented
in figure 3.4b.
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As demonstrated in figure 3.4b, the distance between the droplets that form for the rings
up to ~200 nm wide appears to follow the length scale expected from R-P instability
mechanism.
The wider rings were expected to follow this behavior as well, leading to a progressively
larger spacing proportional to the square root of the ring width, w (see Eq. (3.5)).
However, the length scale associated with the distance between the particles which
form as a result of breakup of these wider rings appears to shift to a shorter one. The
new instability length scale is almost constant as a function of w, as expected from e.g.,
spinodal instability mechanism, see Eq. (3.3).
The wider rings were expected to follow this behavior as well, leading to a progressively
larger spacing proportional to the square root of the ring width, w (see Eq. (3.5)).
However, the length scale associated with the distance between the particles which
form as a result of breakup of these wider rings appears to shift to a shorter one. The
new instability length scale is almost constant as a function of w, as expected from e.g.,
spinodal instability mechanism, see Eq. (3.3).
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Figure 3.4. a) Simulated Rayleigh-Plateau and spinodal instability length scale for the
13 nm thick copper rings with experimental ring spacings included illustrating the
apparent shift in length scale from a Rayleigh-Plateau to spinodal instability > 260nm.
b) Simulated time scales for the 13 nm thick copper rings of the rivulet formation
dictated by the ring retraction, Rayleigh-Plateau instability time scale, and thin film
spinodal time scale based on the calculated Hamaker coefficient and the properties in
Table 3.1.
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Remark 1: We note that LSA strictly speaking predicts only a typical value of the
distance between the droplets, which is expected to be close to the wavelength of
maximum growth.
However, the distribution of unstable wavelengths is rather broad, and therefore it is not
surprising to find a range of values, as found in the experiments, see figure 3.1.
Remark 2: We note that Trice et al. also observed a significant discontinuity in the
spacing of cobalt and iron thin films on silicon oxide as a function of increasing film
thickness and showed that the sign and magnitude of the thermal gradient can cause
size and spacing length scale changes.[68]
This mechanism does not appear to be operative in the liquid Cu-Si rings considered
here since the film thickness for all the rings are the same and the simulated thermal
gradient in the copper-onsilicon is only ~ 0.11K/nm. This deviation from the R-P
mechanism is also different compared to the one reported by Favazza et al.,[95] where
the prefactor in the ratio of the droplet distance and droplet size was found to differ
(albeit remaining constant) from the one expected based on the R-P prediction. Our
finding is that in the system considered here, the scaling itself is modified, as discussed
in more detail in what follows.
To understand the change in droplet spacing and the apparent instability mechanism in
the copper rings, we consider the relevant time scales. Figure 3.4b shows the time
scale associated with the cumulative transport (edge retraction), tret , combined with the
time scale associated with R-P instability, t

m,riv,

defined as 1/σ

m,riv,

see Eq. (Eq. (3.6)).

For the rings narrower than 200 nm, the retraction time is t ret <7 ns and t
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m,riv

<30 ns, so

the total transport plus instability time is less than the calculated time for the thin film
instability to grow, which for 13 nm film is t

m,t f

3.4b, the cross-over point when tret + t

t

m,riv

= 1/σm,t f ~ 44 ns. According to figure

m,t f

is reached for ring widths of w ~ 260

nm. This value is in reasonable agreement with the experimental ring width, w ~ 215
nm, at which the trend of the spacing between resulting nanoparticle changes. We note
in passing that the time scales considered here are shorter than the liquid lifetime
resulting from a single pulse. This observation, while consistent with the fully developed
instability shown in figure 3.1, aposteriori also justifies the use of the original metal mass
in our calculation, since only a small percentage of metal mass is lost during a single
pulse.
To conclude, it appears that for narrow rings, the instability process is dominated by the
RP type of instability. However, for wider rings, the cumulative time scale associated
with the formation of a strip and the growth of R-P instability is larger than the spinodal
instability time scale, suggesting that thin film breakup is relevant here, leading to
shorter wavelengths. We note here that the contraction of initial flat ring to a strip is so
fast for all considered ring widths that thin film type of instability (either spinodal or
nucleation) does not have time to grow to the point of breaking up a ring in the radial
direction; however, the perturbation of the strip shape that forms due to the growth of a
thin film instability is strong enough to lead to strip breakup at the lengthscale close to λ
m,t f

.

To test this hypothesis further, we synthesized another set of copper rings of internal
radius 5 and 10 μm with variable widths, this time with a thickness of h 0 = 7 nm. The
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reduced copper thickness modifies the relevant time and length scales, and the
question is whether the theoretical setup discussed in the context of 13 nm thick films
can be used to explain the experimental observations for 7 nm films.
Figure 3.5 shows scanning electron micrographs of half of the rings as a function of ring
width. We find an interesting trend in the nanodrop distribution as a function of the ring
width, w: when w reaches 330 nm, the breakup changes from one-dimensional (in
azimuthal direction only) to two dimensional (azimuthal and radial). For the w = 428 nm
rings, the initial ring appears to first break into two concentric rings which consequently
break into nanoparticles. Figure 3.5b shows high resolution and tilted views (54°) of
three 500 nm (inner) radius rings of variable widths that illustrate these three regimes.
We note, perhaps surprisingly, that the instability develops faster for wider rings - e..g,
in figure 3.5b we already see clear formation of nanodrops for the 386 nm wide ring,
while the 235 nm wide one is still evolving, and the breakup process has not been
completed yet. Also of note, but beyond the discussion of this study, is the periodic
secondary droplets that form at the inner and outer rims.
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149 nm

180 nm

227 nm

330 nm

428 nm

a)

5m

235 nm

329 nm

386 nm

b)

500nm

rings with variable ring-width. b) tilted (54 degrees) images of three 500 nm radius rings
with variable ring width which demonstrates a change in a single nanoparticle ring to
two concentric nanoparticle rings.
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Figure 3.6 shows one dimensional simulations analogous to the ones shown in Figure
3.3, for h0 = 7 nm. This figure already shines some light into the experimental results
shown in Figure 3.6. If a ring is wide enough, thin film instability, which develops due to
the presence of fronts, has sufficient time and space to grow while the film is
contracting. This instability leads to the ring breakup in this one-dimensional geometry,
considered extensively in earlier work.8 Figure 3.6b shows numerically computed
position of the front, together with the linear fit. These results, combined with the LSA,
allow to extract relevant time scales, which we discuss next.
Figure 3.7 shows the resultant length and time scale plots for the numerically calculated
retraction, R-P, and spinodal instabilities of the h0 = 7 nm rings. We do not show
experimental data here due to large scatter and the fact that the two-dimensional
breakup changes the significance of the distance between droplets. In this figure, we
see that for smaller w’s (up to 200 nm or so), the relevant time scales are comparable,
and it is not clear based on the comparison of time scales alone which instability
mechanism is relevant. The experimental observation is that the average distance
between the nanoparticles is slightly larger than 200 nm, which is again inconclusive.
However, for wider rings, Figure 3.7b shows that tm,t f becomes by far the fastest time
scale in the problem, suggesting that radial instability is relevant. Further inspection of
Figure 3.7b shows that the most unstable wavelength, λm,t

f

~ 150nm < w/2, and

therefore for the widths larger than 300 nm or so, radial breakup of a ring may occur, as
already suggested by Figure 3.6. These results now provide good qualitative description
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(a)

(b)
Figure 3.6. One dimensional time-dependent simulations of the h0 = 7 nm thick copper
ring crosssection for 100, 300, and 500 nm wide rings (ignoring azimuthal curvature). a)
Temporal profile of the film/strip height of the 100, 300, and 500 nm wide rings,
demonstrating the time scale for formation of a semi-cylinder for each ring width. b)
Edge (front) position, xf, as a function of time. Solid line follows from simulations, and
doted line is a linear fit as shown.
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Figure 3.7. Length and time scales from linear stability analysis (LSA) and simulations
(num.) for the h0 = 7 nm thick copper strips as a function of the width, w. a)Wavelength
of maximum growth rate, λm, for the Rayleigh-Plateau (solid line) and thin film (spinodal)
(dashed line) instabilities. b) Inverse of maximum growth rate, tm, for the RayleighPlateau (solid line) and thin film (spinodal) (dashed line) instabilities. The symbols
(triangles) are numerically calculated retraction times, tret, obtained from Figure 3.6b. All
calculations are based on the calculated Hamaker coefficient and the material
properties in Table 3.1.
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of the experimental results shown in figure 3.5. We note that the shortness of m,t f can
be also used to understand fast instability development for wide rings.
The proposed instability mechanism is then that for wider rings, thin-film instability,
influenced also by the presence of fronts/edges, leads to breakup of a ring in the radial
direction into two concentric rings. These rings then breakup into nanodrops according
to a R-P mechanism. Due to the breakup in radial direction, the distance between the
nanodrops resulting from the R-P instability is not as large as it may be expected from
Figure 3.7a, since the relevant widths are just a half (or smaller) of the original ring
width. Therefore, expected distance between the nanodrops is in the range of 200−300
nm, see Figure 3.6a, consistently with the experimental results shown in Figure 3.5.
Finally, to further illustrate instability development, in Figure 3.8 we show as an example
of fully nonlinear simulations of ring geometry using the computational methods
developed earlier and implemented for a number of related problems; see[56] and the
references therein. Here we perturb the initial ring by random perturbations of small
amplitude and observe their evolution.
One can clearly observe the breakup mechanisms discussed above, on the correct time
scales. One can also observe significant distribution of particles sizes and distances, as
in experiments. Detailed computational study of this problem, including the effects of
azimuthal curvature, will be the subject of future work.
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Figure 3.8 Time-dependent nonlinear simulations of a h0 = 7 nm thick ring of inner
radius of 1000 nm and width of 500 nm. The initial shape is perturbed by random
perturbations which are not visible on the scale shown.
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Conclusions

In summary, we have studied experimentally, computationally, and theoretically the
pulsed laser heated assembly of lithographically patterned copper rings into organized
nanodrops/particles. Theoretical and computational work required Hamaker constant as
a parameter. This quantity was determined by carrying out additional experiments
involving dewetting of continuous thin films, and carrying out linear stability analysis
which allowed to extract effective Hamaker constant based on the lengthscales
emerging during dewetting. This procedure has allowed us to carry out the theoretical
analysis of ring breakup without any adjustable parameters. For 13 nm thick copper
rings, the nanoparticle length scale that emerges is a function of competing transport
and instability mechanisms. We propose that the discontinuity observed in the
dependence of nanodrop spacing on ring width is due to a shift from a Rayleigh-Plateau
instability for narrow rings to a thin film instability for wider rings. The transition is
ascribed to the cumulative time for the semi-circular strip formation and RayleighPlateau instability, which for rings of widths w > 265 nm is longer than the calculated
thin film spinodal instability time scale. For thinner (7 nm) rings, assuming that spinodal
instability of a thin film is relevant instability mechanism, we find that this instability is
fast enough so that for wider films it has sufficient time to lead to breakup of the original
ring into two concentric rings, which then consequently break up into nanoparticles
following Rayleigh-Plateau mechanism. We leave the details of the discussion of thin
film instability mechanism to future work.
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This work demonstrates the interesting correlation that transport and instability time
scales have on the resultant length scales, which is of critical importance in self and
directed assembly. In addition, we find it encouraging that a good agreement between
simulations, analysis, and computations is found, suggesting significant utility of
relatively simple modes in understanding instabilities on nanoscale.
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CHAPTER IV
PULSED LASER INDUCED SELF-ASSEMBLY OF COPPER NANOPARTICLES ON
SIO2 THIN FILMS: COMPETING RAYLEIGH-PLATEAU AND THIN FILM
INSTABILITIES

Of the work presented in this chapter Javier Diez and Lou Kondic did the hydrodynamic
simulations. I acknowledge support from the Material Sciences and Engineering
Division Program of the DOE Office of Science, and that a portion of this research was
conducted at the Center for Nanophase Materials Sciences, which is sponsored at Oak
Ridge National Laboratory by the Division of Scientific User Facilities, US Department of
Energy, and partial support by the NSF grant No. DMS-0908158. Jason Fowlkes and
Nick Roberts helped to pattern all the initial ring structures, and Philip Rack provided
direction, funding of the research, discussion and motivation.

Introduction

In chapter three, an interesting competition between thin film and R-P instabilities was
presented for pulsed laser induced dewetting of nanolithographically patterned copper
rings on silicon substrate of various sizes (diameter, width and thickness). Specifically
it was observed that when the cumulative transport and Rayleigh-Plateau timescale was
shorter than the thin film instability timescale, the copper nanoparticles followed a
length-scale consistent with a R-P instability. Conversely, when the thin film instability
timescale was shorter than the cumulative retraction and R-P timescale, a 2dimensional nanoparticle array was observed; consistent with the thin film instability.
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To follow up on this previous work, in this chapter, the liquid phase breakup of
nanoscale copper rings lithographically patterned on a SiO 2 substrate is investigated
which has different energetics and thus transport and instability timescales.
Thin film copper rings synthesized on silicon dioxide thin films with various radii,
thicknesses and ring-widths were subsequently liquefied via a nanosecond pulse laser
treatment.

During the nanoscale liquid lifetimes the rings experience competing

retraction dynamics and thin film and Rayleigh-Plateau instability mechanisms which
lead to arrays of ordered nanodroplets. Ultimately, the original geometry dictates the
instability pathway, which for narrow rings obeys the Rayleigh-Plateau instability and for
wider rings are influenced by the thin film instability.

Hydrodynamic simulations

describe well the observed time and length scales and the observed radial and
circumferential instabilities which lead to different nanodroplet ensembles.
Experiment

Initially three identical sets of copper rings with two thicknesses (~ 7.8 and 15 nm), two
radii (5 μm and 10 μm -- sufficient for the Laplace pressure due to azimuthal curvature
to be negligible) and variable ring widths (ranging from 103 to 420 nm) were patterned
onto (100) oriented single crystal silicon wafer coated with a 100 nm SiO 2 film (a total of
60 rings). The purpose of patterning three sets of each ring type was to confirm the
repeatability of the instability lengthscale. The lithographically patterned ring-widths
were measured via scanning electron microscopy (SEM). Each ring was electron beam
patterned into a positive tone thin polymethylmethacrolate (PMMA) film. 15 nm and 7.8
nm (as measured by atomic force microscopy) copper films were subsequently sputter
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deposited and the ring pattern was realized by dissolving or ―lifting-off‖ of the original
PMMA film in an acetone bath for ~1 hour. Subsequently a KrF 18 ns pulsed excimer
laser at 248 nm wavelength was used to simultaneously irradiate all of the ring patterns
(for each copper thickness) with five laser pulses at a fluence of 160 mJ/cm2, which is
sufficient to melt the copper film and ultimately form an array of ordered nanodrops. The
simulated melting time for each pulse is ~33 ns for the 15 nm thickness rings, and ~22
ns for the 7.8 nm thickness rings estimated by a time-temperature simulation as plotted
in Figure 4.1. Figure 4.2a and Figure 4.3a are electron micrographs of five - 5 μm radius
rings with initial thickness of 15 nm and 7.8 nm, respectively, which demonstrates the
resultant nanoparticle array after five laser pulses. The average particle spacing of the 5
μm and 10 μm radius rings as a function of the measured ring width for the 15 nm and
7.8 nm thickness rings are plotted in figure 4.2b and figure 4.3b, respectively.
2200
7.8nm Cu on 100nm SiO2
(~20ns melting time)
15.5nm Cu on 100nm SiO2
(~33ns melting time)
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Figure 4.1 Time-temperature simulation of 7.8 nm Cu on 100nm SiO2 and 15 nm Cu on
100nm SiO2.
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1μm

125nm

200nm

259nm

500nm

352nm

407nm

(a)
Figure 4.2 a) Scanning electron micrographs of the h0 = 7.8 nm thick, 5 μm radius
copper rings of variable widths after 5 pulses. Inset of a) 60° tilted Scanning electron
micrographs of the h0 = 7.8 nm thick, 5 μm radius copper rings of 407nm width. b) Plot
of average nanodrop spacing for fifteen 5 μm and fifteen 10 μm radius rings as a
function of the measured widths. Insets show the histograms of the droplets spacing
(upper right) and droplet radius (lower right) for 125 nm wide rings of 5 μm radius.
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Figure 4.2 conitued
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(a)
Figure 4.3 a) Scanning electron micrographs of the h0 = 15 nm thick, 5 μm radius
copper rings of variable widths after 5 pulses. b) Plot of average nanodrop spacing for
fifteen 5 μm and fifteen 10 μm radius rings as a function of the measured widths. Insets
show the histograms of the droplets spacing (upper right) and droplet radius (lower
right) for 103 nm wide rings of 5 μm radius.
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Figure 4.3 continued
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Results and discussion

To be consistent with our previous study [70], the results focus on the average
nanoparticle spacing; however as noted previously the nanoparticle array represents a
distribution of particle spacings consistent with the R-P and thin film instability
mechanisms which have a dispersion of unstable wavelengths that can result in a
dispersion of final particle spacings. As an example, the upper-right inset in figure 4.2b
shows a typical histogram of the nanoparticle spacing for a 15 nm thick and 103 nm
wide ring (5 μm diameter), and the upper-right inset in figure 4.3b gives a typical
histogram of the nanoparticle spacing for a 7.8 nm thick and 125 nm wide ring (5 μm
diameter). Meanwhile, the histograms of the particle radius for the same two rings were
also plotted for reference in the lower-right insets in Figure 4.2b and figure 4.3b,
respectively. The mass loss of the copper ring during pulsed laser dewetting was
calculated by summing the volume of the dewetted nanoparticles in a specific area
where the individual nanoparticle volume (V) calculated from the expression
(θ is the measured wetting angle of 79 degrees – see
inset of figure 4.2a [32], and compared to the volume to the original thin film volume
(area x thickness). The mass loss was estimated to be < 2 % , which is much less than
the mass loss observed on the Si substrate which we attribute to the lower diffusion rate
of copper in SiO2 [101].
As observed in figure 4.2a and 4.2b, for the three sets of 15 nm thickness copper rings
on the SiO2 substrate, the nanoparticle arrays appear to have a single ring of
nanoparticles whose spacing (and size) exhibits a smooth and monotonic increase with
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increasing ring width.

For the 7.8 nm thickness rings, the resulting average particle

spacing of all the three sets of rings slightly trend down at ~350 nm ring width, and all
the rings appear to have a single ring of nanoparticles as demonstrated in figure 4.3a.
Interestingly, these phenomenon are clearly different from the previous result of 13 nm
and 7 nm copper rings dewetted on a Si substrate as discussed recently [70], where the
13 nm copper rings show an average spacing shift to a constant lower value at ~215 nm
ring width, and the 7 nm copper rings exhibit radial breakup for ring width above
approximately 330 nm. Simply, one might expect that the monotonic increase with ring
width is consistent with the contraction of the rings to semi-cylindrical strips and the
subsequent breakup due to a Rayleigh-Plateau type of instability, modified by the SiO2
substrate [53, 56, 92, 94] (except the 7.8 nm thickness rings with width > ~350 nm).
The question remains: is this a reasonable explanation for the ring breakup? And based
on our previous work studying Cu on silicon substrates, can this phenomenon be
explained by the competition of time scales relevant to different instability mechanisms?
Can we predict and explain the liquid ring breakup via the simulation based on a simple
hydrodynamic model? The purpose of this study is to answer these questions and
understand the dewetting process of Cu rings with different width and height on SiO 2
substrates.

4.1 Model

Similar to the model we used in chapter three, we concentrate on modeling a Newtonian
liquid film, and assume that all thermal related effects take place much faster than the
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time scale on which the evolution takes place, so that we consider a film at fixed
temperature. A long wave (lubrication) approximation is also applied, which allows us to
reduce the otherwise very complicated problem to a tractable formulation. Within this
approach, equation 3.1 and 3.2 are used with Hamaker constant calculated for Cu on
SiO2 substrate (in section 4.2) and contact angle experimentally measured to be 79°.
4.2 Estimating the Hamaker Constant

Estimating the equilibrium thickness h* (the minimum at the plot of thin film potential as
a function of film thickness) is critical to determine the length and time scales associated
with the ring instabilities and the estimated value of h * is used in the simulations relevant
to the ring break-up.

Following our previous method (and following the work of

Kalyanaraman et al. [14, 32, 65, 95]) we first estimate the Hamaker constant A
(A=6πkh*3) [70]. Thin films of copper with four different thicknesses were sputter
deposited onto 100nm SiO2 on silicon chips [73].

The Copper film thickness was

measured via optical reflectometry to be 4.8 nm, 6.5 nm, 7.5 nm, and 8.5 nm,
respectively. The samples were laser treated with 230 mJ/cm 2 pulses, sufficient for the
film in each sample to dewet and form nanodrops. The morphologies of different stages
of dewetting were captured by scanning electron microscopy (SEM), and the
characteristic length scale for each stage was evaluated by using fast Fourier
transforms (FFT) of the image, while resultant droplet sizes were determined using an
image analysis algorithm. Figure 4.4a-o shows scanning electron micrographs and
FFT’s (insets) of the dewetting morphology at different stages of the dewetting for each
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copper thin film (four stages for 8.5nm, 7.5nm, 6.5nm thick films, and three stages for
4.8nm thick film). Figure 4.4 p, q, r, s are the plot of the corresponding radial distribution
function of the FFT’s of each stage. While Herminghaus et al. captured early stages of
the spinodal dewetting via AFM of thick gold films, it is challenging to capture these
dynamics.

Since the final nanoparticle spacing is directly related with the initial

perturbation wavelength, some studies (including our previous study of Cu ring on Si
substrate [32, 70] have used the final particle spacing as an estimation of spinodal
wavelength to extract the Hamaker constant.

Ideally the wavelength comparison

between films with different thickness is more reliable if all the wavelengths are
captured right after the perturbation reach substrate and holes with ordered spacing are
just formed, but before neighboring holes merging into either bigger polygons or rivulets
as showed in the first stage of figure 4.4. Hence, to make a more accurate estimation of
Hamaker constant in this work, the first dewetting stage in figure 4.4 for each film is
nearly when the holes are just formed without merging with neighboring holes as can be
seen in figure 4.4. In the following text, we will refer the characteristic length scale of the
initial holes, and final nanoparticles, as hole spacing and particle spacing, respectively.
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Figure 4.4 (a)-(d): scanning electron micrographs and FFT’s (insets) of the dewetting
morphology at different dewetting stages of the 8.5nm thick copper thin film. (e)-(h):
scanning electron micrographs and FFT’s (insets) of the dewetting morphology at
different dewetting stages of the 7.5nm thick copper thin film. (i)-(l): scanning electron
micrographs and FFT’s (insets) of the dewetting morphology at different dewetting
stages of the 6.5nm thick copper thin film. (m)-(o): scanning electron micrographs and
FFT’s (insets) of the dewetting morphology at different dewetting stages of the 4.8nm
thick copper thin film. (p-s): plots of the radial distribution function of the FFT’s of each
stage corresponding to each film thickness. Second in (s) is from the same stage as
third (only one SEM image is showed in (n)).
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Figure 4.4 continued
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As expected, for all the Cu thin films observed here, a characteristic length scale
associated with spinodal dewetting is established at the very early stages of dewetting
pattern evolution, which is indicated by both the SEM images and radial distribution
functions of FFTs. With further development of the dewetting morphology, the
progressive shift of the peak position of the radial distribution function to smaller wave
vectors indicates an increase in characteristic length scale (spacing) of each stage. This
observation agrees with the morphology evolution of Co films on SiO2 substrate studied
by Krishna et al. [65]. Experimentally this phenomenon can be attributed to growing and
merging of holes, retraction of rivulets (Rayleigh-Plateau type breakup can be observed
only in a very limited amount of rivulets for the films studied here), and from the point of
mass conservation, the bigger average height of the final drops may related to a larger
spacing. However, it is worth noting that for some thicker films, as also observed in ref
[65] for 20nm Co film on SiO2, where large polygonal structures are found at early stage
and the breakup of the arms of polygons are dominated by a Rayleigh-type process, the
characteristic final particles spacing can be determined by the Rayleigh-type breakup
and may deviate from the continuous increase of characteristic length scale. By
measuring the peak positions in the radial distribution functions of FFTs, the spacings of
initial holes and final nanoparticles for all the films are obtained and summarized in table
4.1.
Different from our work of copper on silicon, we used the length scale associated with
the initial holes formation to determine the equilibrium thickness h * at earliest time scale.
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Table 4.1 Calculated initial hole spacing and final nanoparticle spacing for thin Cu films
on 100nm SiO2
Sample
8.5nm Cu on SiO2
7.5nm Cu on SiO2
6.5nm Cu on SiO2
4.8nm Cu on SiO2

Initial holes spacing, nm
167
130
114
102

St_dev
18
10
8
10

Final nanoparticles spacing, nm
354
279
245
197

St_dev
10
15
5
23

The holes spacings found experimentally above were then related to the predictions of
the linear stability analysis (LSA) of the one-dimensional version of Eq. (4.1),
(4.1)
assuming the functional form of the disjoining pressure given by,
,
Where

(4.2)

is,
,

(4.3)

With M = (n-m)/((m-1)(n-1)) and using n = 3, and m = 2 [87]. θ is the static contact
angle. The contact angle used here is 79° as an average of the contact angle of 12
saturated Copper drops on SiO2 measured experimentally. The wavelength of
maximum growth rate for a spinodal instability can be expressed as,
(4.4)
Where

is a factor depending on the spreading factor and K= /γ.

Similar to the method used in chapter 3 of Cu rings on Si substrate [70], this analysis is
carried out in the usual manner, assuming that an infinite film is perturbed by small
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perturbations, and then finding the most unstable mode [87]. The comparison between
the wavelength of this most unstable mode and the experimental hole spacing then
enabled us to extract the Hamaker constant of approximately 1.43×10 −17 J
(correspondingly h* = 0.6 nm), which is in agreement with the scale of Hamaker
constant of Gold on Silica (on the order of 2.5×10−17 J) calculated by Bischoff et al. [10,
100], and Cobalt on Silica (1.4×10−18 J) reported by Trice et al. [32]. Figure 4.5 (a)
shows the experimental hole spacing and a fitting with theoretical predictions of LSA
with θ=79° and h* = 0.6 nm. To make an comparison between the Hamaker constant
value extracted from hole spacing and from particle spacing, we also calculated a
Hamaker constant from final particles spacing using same procedure, and the result is
A= 3.98×10-19, yielding an h*= 0.1nm (figure 4.5 (b)). Considering that the distance
between the particles is a function of the initial hole spacing and the subsequent
dewetting of rivulets formed after holes merge, we suggest the Hamaker constant based
on initial hole spacing is more relevant.
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(a)

(b)
Figure 4.5 (a): Characteristic distances between holes for copper films on SiO2
substrates and a fitting with theoretical predictions of LSA with θ = 79⁰and h* = 0.6nm.
(b):Characteristic distances between final particles for copper films on SiO2 substrates
and a fitting with theoretical predictions of LSA with θ = 79⁰and h* = 0.1nm.
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4.3 Discussion
With the Hamaker constant relevant for our system known, and the film properties listed
in Table 4.1, we proceed to consider evolution of the ring geometry, using the
formulation based on the governing Eq. (4.1). We note that most of our conclusions will
be based on further use of linear stability analysis, which only approximately describes
nonlinear processes responsible for instability and breakup. Therefore, we are not
looking for exact agreement, but rather to understand the main features of the
experimental results. We ignore azimuthal radius of curvature of the ring as justified
previously [70].
First, we consider just a cross section of a liquid copper strip on SiO 2. Therefore, we
concentrate for a moment on a semi-infinite film with variable width comparable to
experiments and infinite length in the perpendicular direction. Time dependent
simulations of the corresponding one-dimensional version of Eq. (4.1) (where x is the
direction across the ring) were performed to understand the evolution of the originally
rectangular cross-section into a rivulet. Figure 4.6 shows the cross section of the 7.8 nm
thick film of a width of w = 300, and 500 nm. A 100 nm wide ring (not shown) simply redistributes material to minimize the surface area. However, the 300 and 500 nm wide
rings contract with an inner and outer rim velocity of ~11 m/s until they reach the
equilibrium shape, which is a semi-cylindrical strip. The approximate time periods
required to reach the equilibrium shapes are ~ 10 and 18 ns for the 300 and 500 nm
wide rings, respectively.
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Figure 4.6 Temporal profiles from one dimensional time-dependent simulations of the h0
= 7.8 nm thick copper ring cross-section for 300, and 500 nm wide rings (ignoring
azimuthal curvature), demonstrating the time scale for formation of a semi-cylindral
shape for each ring width.
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Figure 4.7 shows the cross section of the 15 nm thick film of a width of w = 300 and 500
nm. Again, the 100 nm wide ring (not shown) simply re-distributes material to minimize
the surface area. The 300 and 500 nm wide rings contract at a velocity of ~11 m/s until
they reach the equilibrium shape. The approximate time periods required to reach the
equilibrium shapes are ~9 and 16 ns for the 300 and 500 nm wide rings, respectively.
Following our previous work for liquid copper on silicon substrates, we first consider the
LSA of a thin film of thickness h0, using the expression for the wavelength of maximum
growth as [87]
= 2π

,

(4.5)

and the value of the corresponding growth rate as
=

(4.6)

,

On the other hand, when a similar approach is applied to a strip of given cross section A
= h0w in equilibrium under capillary and van der Waals forces, we have [55]
= 2π

(4.7)

,

With an approximate growth rate [55, 92]
=

F( )

(4.8)

,

Where
.

(4.9)

To see the influence of the three time scales on rings dewetting in detail, in the next two
sections, we specifically examine the breakup process of rings with 7.8 nm thickness
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Figure 4.7 Temporal profiles for from one dimensional time-dependent simulations of
the h0 = 15 nm thick copper ring cross-section for 300, and 500 nm wide rings (ignoring
azimuthal curvature).
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and 15 nm thickness, respectively, based on the simulated time and length scales,
using the Hamaker constants calculated above, and the material properties listed in
Table 4.2 for (n,m) = (3,2).

Table 4.2: Cu thin film properties at melting temperature
γ Cu/Vacc (N/m)
1.304

γ SiO2/Vacc (N/m)

γ Cu/SiO2 (N/m)

0.31

0.34

ηCu (Pa-s)
-3

4.38x10

θCu/SiO2 (Measured)
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4.3.1 7.8 nm rings
Figure 4.8 shows the length (a) and time (b) scales simulated for the 7.8 nm thick Cu
rings on SiO2 substrate. This figure also shows averaged experimental data from figure
4.2b, with each of the averaged spacing and corresponding standard deviation (as error
bars) from 3 data points for each ring width from the 3 equivalent sets of rings. As
demonstrated in Figure 4.8(a), the distance between the droplets that formed for the
rings up to ~350 nm wide progressively increases and basically follows the length scale
expected from R-P instability mechanism. Above ~ 350nm a slight trend to lower
spacing takes place for wider rings. However, in contrast with the Cu rings on Si
substrate [70], no clear transition to a constant spacing that follows spinodal instability
mechanism was observed, see Eq. (4.5).
Remark 1 We note that Trice et al. also observed a significant discontinuity in the
spacing of cobalt and iron thin films on silicon oxide as a function of increasing film
thickness and showed that the sign and magnitude of the thermal gradient can cause
size and spacing length scale changes [68]. This mechanism does not appear to be
operative in the liquid Cu-SiO2 rings considered here since the film thickness for all the
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rings are the same and the simulated thermal gradient in the Cu on SiO 2 is less than
~0.07 K/nm.
Figure 4.8(b) shows the three time scales associated with the 7.8 nm ring breakup: the
edge retraction time, tret , the R-P instability time,

m,riv,

defined as 1/σm,riv, see Eq. (4.8),

and the calculated time for the thin film instability to grow, which for 7.8 nm film is τm,t f =
1/σm,t f = ~6.5 ns. Since the spacing continuously increases for ring width < 350 nm,
and slightly decreases for wider rings between 350 to 420 nm, we will specifically
examine the breakup process of 3 representative ring widths, 100 nm, 300 nm, and 500
nm, based on the simulated time scales.
Firstly, for the 100 nm wide ring, we can see that the time for the rivulet to form is ~5 ns
which is less than the 7.8 nm thickness thin film instability time (~6.5 ns). Thus the
dynamics of the rivulet formation occur faster than the thin film instability and apparently
the subsequent rivulet breaks up via an R-P instability in the circumferential direction
with a timescale with an additional (~5 ns) and length scale (~250 nm wavelength)
associated with the new rivulet geometry.
As for the 300 nm ring the 1-D simulation in figure 4.6 suggest that a single rivulet will
form during the initial stages of the liquid phase dynamics. As noted previously an
interesting competition occurs during the initial retraction dynamics in which the original
rectangular cross-section contracts to minimize the surface energy.

During this

retraction phase, the height profile evolves with some regions thickening and others
slightly thinning (at times) and thus the thin film instability wavelength and time scale are
also dynamic (in the radial and circumferential direction).

It can be seen from the

simulation in figure 4.7 that at the thin film instability time scale (6.5 ns), the rivulet is
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(a)
Figure 4.8 Length and time scales from linear stability analysis (LSA) and simulations
for the h0 =7.8 nm thick copper strip as a function of the width, w. a)Wavelength of
maximum growth rate, λm, for the Rayleigh-Plateau (R-P, solid line, λ
(dashed line, λ

m,t f

m,riv)

and thin film

) instabilities with experimental ring spacings (symbols) included,

illustrating the comparison of length scale for a R-P instability and thin-film (spinodal)
instability for various ring width. b) Inverse of maximum growth rate, tm =1/τm, for the RP (t

m,riv,

solid line) and thin film (spinodal) (t

m,t f

, dashed line) instabilities. The symbols

(triangles joined by dotted line) are numerically calculated retraction times, tret, obtained
from Figure 4.6. All calculations are based on the calculated Hamaker coefficient and
the material properties from Table 4.2.

114

(b)
Figure 4.8 continued
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essentially formed and thus inhibits the radial break-up of the ring.

In the

circumferential direction, the surface waves can propagate and thus the thin film and RP instabilities compete. Based on figure 4.7, apparently the dynamics of the rivulet
formation promote the R-P instability versus the thin film instability since the
experimental length scale is consistent with the R-P length scale not the thin film
instability length scale of ~150 nm.
Similarly, two rims also form for the 500 nm wide ring and moved toward the center of
the ring driven by the capillary force. At the thin film instability time scale of 6.5 ns, two
rims have formed and are positioned at ~ +- 130 nm. An ~ 260 nm wide thin film
remains between the rims, however the 260 nm width of the remaining film is smaller
than twice of the thin film instability wavelength (λtf = ~ 150 nm). While the two rims
continue retracting due to unbalanced capillary force at the ring edge, the thin film
fluctuation is quenched and no radial breakup is observed in the simulation. However,
based on the 1-D simulation of 500 nm wide ring, it is possible that, for wider rings close
to 500 nm, with part of thin film remaining at center of the ring, thin film instability can
propagate at circumferential direction and compete with R-P instability. This
circumferential competition between the two instabilities for wider rings may explain the
slight decrease of particle spacing for ring width above 350 nm.
To confirm this radial thin film instability we synthesized a second set of 7.8 nm thick
copper rings with a broad range of ring width; this time with ring widths ranged from 270
nm to 1100 nm. Figure 4.9(a) illustrates a series of 7.8nm thick and 1 μm radius with
variable ring widths (270, 580, 900, and 1100 nm) rings that were exposed to two
pulses of 160 mJ/cm2, which demonstrates a clear transition from a single rivulet to
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multiple pseudo-concentric rings formed by the thin film instability during the retraction
stage of the morphology evolution. Comparable 3-d non-linear simulations were also
performed which demonstrate that simulated 100 ns of liquid lifetimes are in good
agreement with the observed experiments (figure 4.9(b)).

a)

1 μm

270nm

580nm

900nm

1100nm

b)

Figure 4.9 a) Scanning electron micrographs of the h0 = 7.8 nm thick, 1 μm radius
copper rings of variable ring-widths: left-to-right 270, 580 900, 1100 nm wide rings. b)
non-linear 3D simulations of the rings in figure a) all run to 100 ns (light blue
background) shows the original ring).

For the 7.8 nm thick rings above a critical ring width, the circumferential thin film
instability can propagate due to the longer retraction dynamics (> 9 ns), though the
radial instability is inhibited.

Thus, one would expect that the resultant wavelength
117

would be comparable to the thin film instability wavelength of ~ 150 nm, not the 450 nm
spacing observed. The appropriate thickness associated with a ~ 450 nm thin film
instability wavelength is >15 nm, which based on the ring evolution in figure 4.7 is not
likely the reason for the coarsening.

We suggest, as discussed below, that the

coarsening of the average nanoparticle wavelength (and size) could be due to
competing circumferential transport that occurs due to the dispersion in the instability
growth; specifically, when the fastest growing modes ―pinch-off‖, if neighboring
instabilities are not as advanced, localized circumferential retraction occurs which will
coarsen the rivulet or film and increase the instability wavelength.
As a summary, by analyzing the simulated time and length scales and experimental
result, we find that three types of dynamic time scales exist: 1) retraction time in radial
direction as well as in circumferential dimension, 2) R-P instability time, and 3) thin film
instability time. The time and length scales compete and evolve during the liquid phase
retraction of the 7.8 nm Cu rings and as a result, the final spacing between
nanoparticles basically follows the rule of R-P instability for ring width < 350 nm, and
possibly begins to trend toward thin film instabilities > 350nm. Furthermore, fast
retraction along circumferential dimension due to the large capillary force of Cu on SiO 2
substrate also acts to increase the final particle spacing which is also observed for 15
nm thick films as discussed in section 4.3.2.

4.3.2 15 nm rings
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Before proceeding to the time and length scales analysis for 15 nm Cu rings, we
confirmed the Hamaker constant by checking the characteristic length scales, at both
the initial hole stage and final particle stage, of a two dimensional 15 nm thick Cu thin
film on SiO2 substrate. First we simulated the LSA thin film instability wavelength for 15
nm Cu film on SiO2 based on the two Hamaker constants calculated in section 4 (from
initial holes and final particles respectively). We obtain λm,

tf

= ~380 nm with

A=1.43×10−17 J (from initial holes spacing), and λm, tf = ~910 nm with A=3.98×10−19 J
(from final particles spacing). To compare the simulation result with experimental length
scale, a 15 nm 2D Cu thin film was dewetted on 100 nm SiO 2 substrate (see figure 4.10
for the dewetting pattern evolution of the 15 nm Cu on 100 nm SiO 2) and the
characteristic length scales for the initial holes and final particles corresponding to figure
4.10(a) and (c) were calculated to be ~200 nm and ~530 nm, respectively.

As

mentioned in section 4, the hole growth time can vary the length scale for initial holes,
however, the Hamaker constant of A=1.43×10−17 J (from the hole spacing) gives a
length scale (~ 380 nm) closer to what is observed experimentally. Thus we focus our
discussion on a comparison of the simulations to experiments with this Hamaker value.
Figure 4.7 shows the transport profiles of the 15 nm thick and 300 and 500 nm wide
rings, while figure 4.11(a) summarizes length scales simulated for the 15 nm thick Cu
rings on SiO2 substrate, and averaged experimental data from figure 4.3b, with each of
the averaged spacing and corresponding standard deviation (as error bars) from 3 data
points for each ring width from the 3 equivalent sets of rings. figure 4.11(b) shows the
three time scales associated with the 15 nm rings breakup: edge retraction time, t ret , RP instability time,

m,riv,

defined as 1/σm,riv, see Eq. (Eq. (4.8)), and the calculated time
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for the thin film instability to grow for 15 nm film is τm,t f = 1/σm,t f = ~41 ns. While the thin
film instability time at this film thickness is much larger than the value for a 7.8 nm thick
film, we can see from figure 4.10(b) that the retraction time is relatively constant and the
R-P instability time varies only slightly (due to the A1/2 dependence).

(a)

500nm

(b)

(c)

Figure 4.10 Scanning electron micrographs of the instability evolution of a 15 nm thick
copper film on SiO2 which suggests the Hamaker coefficient associated with the holes
yields better lengthscale agreement

As a result, for all the 15 nm thick rings, the time scale associated with the cumulative
transport (edge retraction), tret, combined with the time scale associated with R-P
instability is obviously shorter than corresponding thin film instability time, and hence all
the thick rings are predicted to breakup via R-P instability which is in general agreement
with the experimental trend in figure 4.11(a), however the experimental average spacing
is consistently longer than the R-P wavelength. Similar to our discussion above, this
coarsening of the particle spacing (and size) is attributed to circumferential transport
after pinch-off of the fastest growing modes due to the dispersion of the growth rates
and the relatively high capillary force of the Cu-SiO2 system.
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(a)
Figure 4.11 Length and time scales from linear stability analysis (LSA) and simulations
for the h0 =15 nm thick copper strip as a function of the width, w. a)Wavelength of
maximum growth rate, λm, for the Rayleigh-Plateau (R-P, solid line, λm,riv) and thin film
(dashed line, λm,tf) instabilities with experimental ring spacings (symbols) included,
illustrating the comparison of length scale for a R-P instability and thin-film (spinodal)
instability for various ring width. b) Inverse of maximum growth rate, tm=1/τm, for the R-P
(t

m,riv,

solid line) and thin film (spinodal) (t

m,tf,

dashed line) instabilities. The symbols

(triangles joined by dotted line) are numerically calculated retraction times, t ret , obtained
from figure 4.10. All calculations are based on the calculated Hamaker coefficient and
the material properties from Table 4.2.
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(b)
Figure 4.11 continued.
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Figure 4.12 shows the experimental observation of circumferential retraction in a 357nm
wide ring and a 303 nm wide ring with 15 nm thickness, where the spacing between
final particles in (c) and (f) are clearly larger than the initial instabilities waves one can
observe in (a) and (d). Also, a full 3D simulation was performed to demonstrate a good
agreement between experimental results and the simulated 140 ns of liquid lifetimes for
two 15nm thick rings (figure 4.13(b)).
Conclusions

In summary, following the conclusion in chapter three, it is demonstrated again that the
original geometry dictates the instability pathway, which for narrow rings obeys the
Rayleigh-Plateau instability and for wider rings are influenced by the thin film instability.
For the 7.8nm Copper rings, as a result of the time and length scales competition during
the liquid phase retraction, the final spacing between nanoparticles basically follows the
rule of R-P instability for ring width < 350 nm, and begins to trend toward thin film
instabilities at ring width > 350nm. For the 15 nm thick rings, the cumulative transport
(edge retraction) time scale, tret, combined with the time scale associated with R-P
instability is shorter than corresponding thin film instability time, and hence the breakup
of all the thick rings are expected to follow R-P instability which is in general agreement
with the experimental observation. Furthermore, circumferential retraction due to the
large capillary force of Copper on SiO2 substrate also acts to increase the final particle
spacing for 7.8nm as well as 15 nm thick Copper thin films. Hydrodynamic simulations
based on a modified Navier-Stokes equation for a Newtonian liquid film with a long
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wave (lubrication) approximation are performed and agree well with the experimental
observation.

1Pulse

2Pulse

5Pulse

303nm

(a)

(b)

(c)

(e)

(f)

357nm

(d)

500nm

Figure 4.12 Scanning electron images of the same ring region with progressively longer
liquid lifetime (laser pulses) illustrating the circumferential transport which competes
with the instability growth and leads to larger than predicted length scales.
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1μm

303 nm

375 nm

Figure 4.13 a) Scanning electron micrographs of the h0 = 15 nm thick, 1 μm radius
copper rings of variable ring-widths: left-to-right 303, 375 nm wide rings. b) non-linear
3D simulations of 15nm thick, 1 μm radius, and 300nm and 350nm wide copper rings,
all run to 140 ns.
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CHAPTER V
CONCLUSIONS

Conclusions

In this dissertation, the study of metal thin film dewetting via nanosecond laser melting
is presented with the goal of understanding the spatial and temporal nature of intrinsic
instabilities and mass transportation involved in dewetting pattern evolution in metal thin
films as well as in lithographically patterned nanostructures, and exploring advanced
control of metallic nanostructure fabrication via the confluence of top down
nanolithography and pulsed laser induced dewetting.
In chapter two, we have studied the dewetting characteristics of the classic Cu-Ni
isomorphous binary solid solution alloy thin films with three film thicknesses and copper
volume percentages of 81, 49 and 21%. Following the description of the fundamental
dewetting properties of the Cu-Ni alloys, the correlated optical properties of the thin
films and dewetted nanoparticles are also analyzed.
It was demonstrated that the nanoparticle size distribution and spacing is controlled by
varying alloy composition and as-deposited film thickness. With equivalent film
thickness, pure thin Cu film on Si substrates shows a smaller spinodal length scale and
different dewetting evolution compared to thin Ni films. Subsequently the dewetting of
the alloy varies with the alloy composition. The particle spacing and average diameter
as a function of film thickness (with same alloy concentration) can be fit by a power law
function yielding a correlation as spacing S= 14.56h1.78 and particle diameter D =
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11.49h1.26. The slight deviation from TFH prediction is attributed to the mass loss that
occurs on Si substrates and the subsequent rivulet breakup mechanism after polygonal
structure formation. It is found that the surface plasmon resonance of the nanoparticle
array assembled via pulsed laser dewetting could be tuned by varying the alloy
composition and the initial film thickness. Hence pulsed laser dewetting of alloy films
has the potential to tune the nanoparticle size distribution and realize interesting optical
responses for various applications.
In chapter three, the pulsed laser heated assembly of lithographically patterned copper
rings on Si substrates were investigated.

The main result shows the correlation

between the resultant nanoparticles length scale of 13nm and 7nm thick copper rings
and the transport and instability growth that occur during the liquid lifetime of the melted
copper rings. By analyzing the simulated time and length scales and experimental
results, we find that three types of dynamic time scales exist: 1) retraction time in the
radial direction as well as in circumferential dimension, 2) R-P instability time, and 3)
thin film instability time.
For 13nm thick copper rings, the nanoparticle length scale is a result of competing
transport and instability mechanisms. A discontinuity was observed in the nanoparticle
spacing as a function of ring width which is attributed to a shift from a Rayleigh-Plateau
instability for narrow rings to a thin film spinodal instability at wider ring-widths. The
transition is related to the cumulative time for the rivulet formation and Rayleigh-Plateau
instability, which is longer than the calculated thin film spinodal instability time scale for
rings > 265nm wide. For thinner (7 nm) rings, the concentricity of two nanoparticle ring
127

assemblies at wider rings indicates a third flow-type instability in the radial direction.
This study reveals the interesting correlation between transport and instability time
scales and the resultant length scales, and demonstrates an important phenomenon in
self and directed assembly.
Finally, in chapter four, we follow the study in chapter three to explore the pulsed laser
heated assembly of lithographically patterned copper rings on SiO 2 substrate which has
different energetics and thus transport and instability timescales. It is demonstrated
again that the original geometry dictates the instability pathway, which for narrow rings
obeys the Rayleigh-Plateau instability and for wider rings are influenced by the thin film
instability.
As a result of the time and length scales competition during the liquid phase retraction
of the 7.8 nm Cu rings, the final spacing between nanoparticles basically follows the rule
of R-P instability for ring width < 350 nm, and apparently begins to trend toward thin film
instabilities > 350nm. On the other hand, for the 15 nm thick rings, the cumulative
transport (edge retraction) time scale, tret, combined with the time scale associated with
R-P instability is clearly shorter than corresponding thin film instability time, and hence
the breakup of all the thick rings are expected to follow R-P instability which is in
general agreement with the experimental observation. Furthermore, fast retraction along
circumferential direction due to the large capillary force of Cu on SiO 2 substrate also
acts to increase the final particle spacing both for 7.8nm and for 15 nm thick Cu thin
films. Hydrodynamic simulations based on a modified Navier-Stokes equation for a
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Newtonian liquid film with a long wave (lubrication) approximation agree well with the
experimental observation.
Future works

The research described in this dissertation motivates several works in the future as
follows:
1. Hamaker coefficient analysis of Cu on Si substrate.
While the distribution of nanoparticle size and spacings is a natural consequence of the
dispersion relation governing the spinodal dewetting process and the system energy
which varies with the surface energy of different substrates, future work will be
performed to compare the influence of substrate on thin film dewetting process. Based
on the 2 dimensional thin film experiment and Hamaker coefficient analysis for Cu films
on SiO2 substrate described in chapter 4, section 4.2, similar thin film deposition and
laser treatment followed by size and spacing analysis can be performed on Si
substrates. The Hamaker coefficient can be calculated with the same procedure as
used in section 4.2 and compared to the Hamaker coefficient obtained from chapter 3.
Figure 5.1 shows the SEM images of some initial experiments of Cu thin films dewetted
on Si substrate via laser treatment. Figure 5.1(a) and (b) are the dewetting morphology
evolution for a 7.5nm thick cu film after 1 laser pulse. Image (a) was captured at the
edge of laser area which the laser fluence is lower than the center area and hence has
a shorter liquid life time, while image (b) shows the more evolved dewetting pattern at
laser center area where almost saturated nanoparticles have formed during a longer
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(a)

(c)

1μm

(b)

(d)

Figure 5.1 (a)-(b): scanning electron micrographs of the dewetting morphology at
different dewetting stages of the 7.5nm thick copper thin film on Si substrate. (c)-(d):
scanning electron micrographs of the dewetting morphology at different dewetting
stages of the 6.5nm thick copper thin film on Si substrate
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liquid life time. Figure 5.1(c) and (d) are the corresponding dewetting morphology
evolution for a 6.5nm thick Cu film on Si after 1 laser pulse. As can be seen, however,
the pattern evolution is much faster than it is observed on SiO2 substrate. It has evolved
from initial holes to seperated rivulets in less than ~10μm distance, which may affect the
capture of a uniform area with just connected initial holes as used in section 4.2. This
fast pattern evolution can be partly due to a steeper laser energy gradient related to a
higher energy density applied for Cu on Si substrate. Different approaches such as
decrease the laser energy gradient or increase image resolution might be useful to
solve this problem. It is expected that the study of pattern evolution of Cu on Si
substrate will be important to understand the influence of substrate on the 2 dimensional
thin film dewetting.

2. Dewetting dynamics of thin film boundary: rim retraction study.
As many studies have been focused on the retraction dynamics of a boundary in
polymer dewetting, for example ref [35, 38-41], little work has been reported related to
the edge retraction of metallic ultrathin films. When the size approaches the nanometer
scale, the retraction dynamics of a thin film edge can be controlled by not only the
correlated driving force (capillary force), and opposing forces (viscous force and inertial
force), but also the involved long range and even short range interface forces. The
boundary retraction plays an important role in the subsequent dewetting process after
initial hole formation in a two dimensional metal thin film, and is obviously critical for a
pre-patterned thin films dewetting with initially unbalanced boundaries. Initial work in our
group has showed interesting rim retraction with velocity related to different curvature of
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film boundary (See figure 5.2 for the SEM images of boundaries retraction of patterned
Ni structures) [69]. Hence, further research can be focused on the rim profile
development and related liquid dynamics.
As many underlying mechanisms and interesting phenomena related to thin film
dewetting are still not well understood, other more focusing theoretical as well as
experimental researches will be very meaningful also.
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Figure 5.2 Scanning electron micrographs of pulsed laser treated thin nickel patterns.
The top images are the initial thin film circle, square and triangle. Subsequent images in
each column are after 1, 2, 3, 5, and 10 pulses. The bottom image is a tilted view of the
pattern after 10 laser pulses (the dashed lines on the top square and triangle illustrate
an axis of the lateral contraction from the vertices and the solid lines demonstrate the
axes from the center of the edges).
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